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ABSTRACT
In the development of renewable energy technologies, electrocatalysis plays a central
role in energy conversion processes, such as fuel cells and electrochemical fuel synthesis.
Development of such technologies relies on the rational design of electrocatalysts as well as
understanding their interaction with the working environment. Here we focus on gas-involving
electrocatalytic reactions, particularly nitrogen electroreduction to ammonia and formic acid
electrooxidation to carbon dioxide. First, to understand the structure-activity relationships for
nitrogen electroreduction on Ru, we prepared a series of size-controlled Ru nanoparticles using
atomic layer deposition. Both catalytic activity and selectivity for ammonia production on Ru
catalysts strongly depend on the particle size, while surface-area-normalized activity reached
a highest value at ~4 nm Ru particles. Density function theory revealed the D5 step site as the
active surface site for nitrogen reduction to ammonia on Ru. Second, to reveal the effect of Fe
oxidation state on the nitrogen reduction catalysis, we developed Fe/Fe3O4 catalyst by
annealing a metallic Fe foil in flowing O2 at 300 °C and succeeding electrochemical reduction.
The Fe/Fe3O4 catalyst showed an enhancement of the Faradaic efficiency by 120 times as
compared to that of an Fe catalyst, which was attributed to the increased intrinsic activity and
an effective suppression of the competing hydrogen evolution reaction. Finally, we
investigated the effect of a hydrophobic microenvironment on the formic acid electrooxidation
reaction that generates CO2 gas. After tuning the microenvironment by adding hydrophobic
nanoparticles or using hydrophobic electrode support, the CO2 bubble nucleation and
detachment from the electrode surface was enhanced, leading to an improved availability of
the catalyst surfaces for formic acid adsorption and reaction with a higher activity. Overall, our
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studies can provide new mechanistic insights for designing metal catalysts and tuning their
microenvironment for gas-involving electrocatalytic reactions that are important for renewable
energy conversion.
Keywords: electrocatalysis, metal catalysts, nitrogen reduction reaction, formic acid
electrooxidation, renewable energy conversion
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CHAPTER 1. INTRODUCTION TO ELECTROCHEMIAL ENERGY
CONVERSION
1.1 Electrochemical Energy Conversion
Conventional fossil fuels have powered human society for more than two centuries and
their large-scale utilization has made great progress. In 2018, fossil fuels still takes the pivotal
position of the world’s total primary energy consumption, including petroleum (34%), coal
(27%), and natural gas (24%) in global energy consumption.1 However, rising global energy
demand and rapid societal development imposes a great challenge for the sustainability of our
society, thus requiring the rising use of renewable energy.2 Though great progress has been
made in advancing renewable energy technology, it is widely recognized that the renewable
sources still cannot challenge the pivotal position of conventional fossil fuels, even until 2050.3
Typically, renewable energy can be divided into these five categories: solar, wind,
geothermal, wave and electrochemical energy.4,5 One of the most interesting and challenging
utilization methods of renewable energy is to generate electricity through solar panels or wind
turbines, and then convert and store the generated electrical energy into value-added chemicals
or fuels. In electrochemical systems, electric energy and chemical energy can achieve mutual
transformation, as shown in Figure 1.1.6 The green route is converting chemical energy into
electric energy, where one of the best applications are fuel cells. For example, ammonia (NH3),
hydrocarbons (CxHy) or its related oxygenates (CxHyOz), and hydrogen (H2) fuel cells have
received worldwide interest, because of the facts that their energy densities are relatively high
and the corresponding oxidation reaction product, N2, CO2 and H2O are all clean to the earth.711

On the contrary, electrosynthesis process at ambient conditions could effectively reduce the

energy consumption and satisfy the sustainability demand of valuable chemicals production.
1

For example, we can electrochemically convert earth-abundant N2, CO2 and H2O into NH3,
CxHy or CxHyOz and H2,12-15 which are all essential chemicals for modern industry, including
architecture, plastics, pharmaceuticals, agriculture and other infrastructure fields.16-20 Though
beneficial, the electrosynthesis process has been suffering from high thermodynamics barrier,
slow reaction kinetics and low energy conversion efficiency. Take NH3 production process as
an example. Industrial Habor-Bosch process seriously relies on natural gas supply to provide
H2 feedstock and extensive energy to drive the reaction.12,21 While in electrochemical process,
NH3 production only relies on N2 and H2O as reactant sources and more importantly, if the
electrical energy is generated through solar panels and wind turbines, this approach can be
sustainable.22 Therefore, it can work as a promising alternative of industrial process as long as
the ammonia yield rate can reach a comparable level.23,24

2

Figure 1.1 Scheme of electrochemical energy conversion. The green route shows the fuel cells
that convert chemicals to generate electricity, such as NH3, CxHy or CxHyOz and H2 fuel cells,
releasing N2, CO2 and H2O, respectively as well as electricity. The opposite process is called
electrosynthesis, such as using renewable electricity to convert N2, CO2, and H2O to produce
NH3, CxHy or CxHyOz and H2 as value-added chemicals.
The energy transfer efficiency, in definition, is the proportion of energy input that can
be finally utilized.25 It could be affected by a lot of factors, including electrode materials,
reaction vessel, reaction environment, etc. Take CO or CO2 electrochemical reduction reaction
as an example. Compared to the original polycrystalline Cu foil, after annealing the Cu foil at
500 ℃ for 12 h and then electrochemically reducing it until stable state, the oxide-derived Cu

foil has exhibited around 330 times improvement of formic acid formation current density.26
Using gas-diffusion electrodes (GDEs) can further mitigate the CO2 mass transport limitation
and improve the CO2 reduction current density by more than two order of magnitudes.27-29 By
applying the hydrophobic carbon paper substrate and adjust the hydrophobicity using different
amount of polytetrafluoroethylene (PTFE) content, the Faradaic efficiency has been improved
from 2.46% to 52.7% for CO electroreduction.30 Hence, rational design of the electrocatalysts,
3

understanding reaction mechanisms, and optimizing reaction environments are of significant
importance for improving the energy utilization efficiency of electrochemical processes.

4

CHAPTER 2. ELECTROCATALYSIS ANALYSIS METHOD
2.1 Electrolytic Cell
An electrolytic cell is the device to test the electrochemical reactions. It usually consists
of three elements: two solid electrodes and one liquid electrolyte. The electrolyte is usually
aqueous electrolyte with soluble ions to increase electrical conductivity. In some cases, nonaqueous electrolyte is also used to increase the solubility of reactant species and suppress the
undesired water reactions. Cathode is the electrode where negative potentials applied, towards
which the electrons move, and the reduction reaction occurs while anode is the opposite
compartment where the electrons transfer out and the oxidation reaction occurs. When the
potential are applied onto the electrodes by a potentiostat, ions dissolved in the electrolyte will
be electrically attracted to an electrode surface with the opposite charge, where the nonspontaneous redox reactions can take place.31 Hence, the electrode/electrolyte surface is of
great importance for the redox reaction to occur, or electrode/electrolyte/gas interfaces when
gas molecules are involved in the reaction system.32,33 In addition, the cation (or anion)
exchange membrane is used to transport ions to keep a balance between the two compartments
while preventing the cross diffusion of reaction products. Taking N2 reduction to form NH3 as
an example, a Nafion membrane (proton exchange membrane, PEM) can effectively transport
protons to maintain an equilibrium as well as separate the cathode and anode compartments in
order to prevent the produced NH3 being oxidized in the anode compartment, which allows the
accumulation of produced NH3.34,35
A gas-tight three-electrode system (H-cell) was usually used to evaluate the catalytic
performance of catalytic materials. We also inserted a reference electrode (RE) into the same
5

compartment as working electrode to provide reference for the potential applied to the working
electrode (WE), as long as the counter electrode (CE) is active enough for delivering charged
particles, as shown in Figure 2.1a.36-38 Still taking N2 reduction to ammonia as an example, the
Ag/Ag/sat. KCl reference electrode was applied to provide reference for the potential applied
onto working electrode. In addition, Pt mesh was inserted into the anodic compartment,
working as the counter electrode, and a piece of pre-treated Nafion 115 membrane was utilized
as ion transporter and compartment separator. During the electrocatalysis, N2 gas was
continually purged into the cathode compartment, and gaseous product was delivered into the
in-line Gas Chromatography (GC) for analysis. Possible liquid products, NH3 or N2H4, were
collected from the cathode compartment after electrolysis and analyzed by spectrophotometric
method via UV-vis spectroscopy.39 In addition, nuclear magnetic resonance (NMR)
spectroscopy or gas chromatography-mass spectrometry (GC-MS) is used to further verify the
NH3 formation to prevent any false positive phenomenena.39-41
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Figure 2.1 Configuration of electrolytic cell: (a) H-cell and (b) GDE flow cell. Both
electrolytic cells consist of three solid electrodes: working electrode, reference electrode in one
compartment, and counter electrode in the other compartment, as well as an electrolyte,
commonly aqueous solutions. A proton exchange membrane such as Nafion membrane was
used to separate the two compartments. The model for reactant gas molecules transport in (c)
H-cell and (d) GDE flow cell.
When we look into the microenvironment where catalysts are working in, as shown in
Figure 2.1c, gas molecules were firstly dissolved into the electrolyte and then transported onto
electrode surface, where the reaction occurred. If we consider the very low solubility of gas
molecules dissolved into aqueous solutions (e.g. the solubilities of N2, CO, O2 are around 0.018,
0.028, 0.044 ggas kgwater−1 at 20℃, respectively),42 here comes the challenge of mass transport
limit, restricting the increase of reactants utilization and current density. As shown in Figure
2.1b, the flow cell with GDEs was to overcome the mass transport limitation, thus potentially
satisfy the need of scale-up applications.43-46
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A GDE commonly consists of a gas-diffusion layer (GDL) and a catalyst layer. The
GDL is facing the flowing gas, so that gas molecules can penetrate through the micro-sized
pores of GDL to reach the catalyst layer, which is closer to the electrolyte. The addition of
hydrophobic PTFE nanoparticles can help maintain the hydrophobicity, promote separation
between the liquid electrolyte and gas phase either reactant gas or gas product, and prevent
flooding of the pores in GDL.29, 30, 47-50 In this configuration, gas molecules only need to diffuse
through a much thinner layer of electrolyte to reach the catalyst, greatly improving the mass
transport and reaction kinetics, as shown in Figure 2.1d.51, 52

2.2 Reference Electrode Calibration
Reference electrode provides reference for precisely controlling the applied potential
on working electrode. Conversion of potentials between the Ag/AgCl/sat. KCl and reversable
hydrogen electrode (RHE) is ERHE = EAg/AgCl/sat.KCl + 0.059 × pH + 0.197 V and RHE scale is

used throughout this dissertation unless otherwise stated.31

Calibration of reference electrodes with respect to the RHE scale was conducted using
Pt mesh as both the working and counter electrode in H2-saturated electrolyte, including 0.05
M H2SO4 (pH=1.3), 0.1 M LiClO4 (pH=6.6), 0.1 M phosphate buffer solution (PBS, pH=6.8),
and 0.1 M NaOH solution (pH=12.9).41, 53 Cyclic voltammograms were performed at the scan
rate of 1 mV s−1 to reach the near-equilibrium potentials in these four solutions in Figure 2.2.
The average value of the two potentials where hydrogen evolution/oxidation curves crossed
the zero-current lines was taken as the thermodynamic potential. One should note that the
Ag/AgCl/sat. KCl electrode is not suitable to be used in strong alkaline electrolytes for long
time, while Hg/HgSO4 reference electrode is appropriate for that case.
8

Figure 2.2 Calibration of reference electrodes. The Ag/AgCl/sat. KCl reference electrode was
converted to RHE scale in (a) 0.05 M H2SO4, pH=1.3, (b) 0.1 M PBS, pH=6.8 (c) 0.1 M LiClO4,
pH=6.6, and (d) 0.1 M NaOH solutions, pH=12.9, respectively. The average value of the two
potentials where hydrogen evolution/oxidation curves crossed the zero-current lines was taken
as the thermodynamic potential.
As a result,
in 0.05 M H2SO4 solution, ERHE = EAg/AgCl/sat.KCl + 0.275 V

( 2.1 )

in 0.1 M PBS, ERHE = EAg/AgCl/sat.KCl + 0.598 V

( 2.2 )

in 0.1 M LiClO4 solution, ERHE = EAg/AgCl/sat.KCl + 0.595 V

( 2.3 )

in 0.1 M NaOH solution, ERHE = EAg/AgCl/sat.KCl + 0.938 V

( 2.4 )
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2.3 Electrochemical Techniques
The commonly used electrochemical techniques include cyclic voltammetry (CV),
linear sweep voltammetry (LSV), bulk electrolysis (chronoamperometry, chronocoulometry,
chronopotentiometry), electrochemical impedance spectroscopy (EIS) and so on.
CV technique is typically used to reveal the Faradaic and non-Faradaic processes to
determine the chemical properties of the tested electrode, electrochemical surface area (ECSA)
and so on.54, 55 For example, Figure 2.3a shows the typical CV curves on Pd/C catalyst in 0.05
M H2SO4 electrolyte. The two parallel peaks at 0.112 and 0.256 V represent the H desorption
from Pd/C catalyst, while the symmetrical peaks at 0.002 and 0.136 V can be accounted to the
H adsorption onto this catalyst. What’s more, the symmetric peaks at 0.709 and 1.103 V refer
to the Pd oxidation and PdO reduction processes, respectively.56 From 0.35 V to 0.50 V, there
is a region where the charging and discharging curves are parallel, and no Faradaic reaction
occurs, and the ECSA of a working electrode can be quantified by measuring its double layer
capacitance in this region with proportional scanning rate.
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Figure 2.3 Typical electrochemical techniques. (a) cyclic voltammetry on Pd/C catalyst in Arsaturated 0.05 M H2SO4 electrolyte from 0 V to 1.2 V to exhibit the typical Pd peaks and
double-layer capacitance; (b) linear sweep voltammetry on Ru/C catalyst in Ar-saturated 0.1
M LiClO4, 0.05 M H2SO4, 0.1 M NaOH electrolyte from 0 V to −0.5 V at the same scan rate,

respectively, to compare the hydrogen evolution activity in different electrolytes; (c)
chronoamperometric curves of Ru/C catalyst in N2-saturated 0.1 M LiClO4 electrolyte at 0 V,

−0.1 V, −0.2 V for 1 h, respectively, to conduct N2RR electrolysis; (d) electrochemical

impedance spectroscopy comparison between Fe foil and Fe/Fe3O4 catalyst at −0.3 V vibrating
from 0.1 to 105 Hz to compare the HER kinetics on these two catalysts.

LSV technique is typically used to initially compare the catalytic activity at the same
scanning conditions.57 For example, Figure 2.3b exhibits the LSV curves of Ru/C catalyst on
Ar-saturated different electrolyte, 0.05 M H2SO4, 0.1 M LiClO4, and 0.1 M NaOH electrolytes.
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At this potential window (from 0.0 to −0.5 V), Ru/C catalyst exhibited highest current density

in acidic electrolyte, then alkaline, finally neutral electrolyte. Considering that HER mainly
occurred in this potential region, it is reasonable to apply neutral electrolyte in suppress HER.
Hence, we have used neutral LiClO4 solution for Ru-catalyzed N2RR in Chapter 4.
Bulk electrolysis is often used to test electrocatalysis, where the chronoamperometry,
chronocoulometry, chronopotentiometry represents the electrolysis under constant potential,
charge, current conditions, respectively. The most commonly used is the chronoamperometry
because it can directly observe the reaction stability and calculate the Faradaic efficiency. For
example, Figure 2.3c shows the chronoamperometric curves of Ru/C catalyst in N2-purged 0.1
M LiClO4 electrolyte at 0 V, −0.1 V and −0.2 V, respectively. During the one-hour electrolysis,
the current density did not drop much, roughly revealing the great stability. One should note

that when chronoamperometry curves were recorded, we should also apply iR-compensation
before the electrolysis based on the next model.31
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Figure 2.4 Scheme of the typical three-electrode test cell to understand the necessity of iRcompensation.
In this system,
We can precisely measure the potential between H and I, Vmeasured = VI-VH

( 2.5 )

we care about the potential between E and F, Vimportant =VF-VE

( 2.6 )

Also, in the reference electrode, VG=VH+VOC

( 2.7 )

where VOC is the constant compensation potential caused by RE/WE difference
So, after considering VG=VD

( 2.8 )

VF=VI

( 2.9 )

Vmeasured = VI-VG+VOC

( 2.10 )

According to Ohm’s Law, VE-VD=Icell×Ru

( 2.11 )

Vimportant= VF-VE= Vmeasured - Icell×Ru+ VOC

( 2.13 )

Vmeasured= VI-VG+VOC = VF-VE+ Icell×Ru+ VOC
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( 2.12 )

Here we can measure Vmeasured, Icell, VOC, and by compensating Icell×Ru, we can precisely
apply target potential onto working electrode.

EIS is a powerful tool to understand the electrochemical kinetics, double-layer,
diffusion and so on. By applying the alternating potential with small amplitude and various
frequency onto the electrochemical system, we are able to observe how the resistance changes
with the frequency. The simplified model for electrochemical analysis is Randel model in
Figure 2.5a.

Figure 2.5 (a) Simplified Randel model representing the working electrode consisting of
constant resistance, Faradaic resistance and Faradaic capacitance, (b) typical imaginary
resistance vs real resistance plot to understand electrochemical impedance spectroscopy.
Impedance can be expressed as the complex number: Z(𝝎𝝎) = ZRe−iZIm

( 2.14 )

(ZRe−Ru−RFaradaic/2)2+ZIm2=(RFaradaic/2)2

( 2.15 )

In the Randel model, the relationship between ZRe and ZIm is:

The obtained plot is shown in Figure 2.5b.
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By comparing the EIS, the mass and charge transfer can be obtained. For example, Fe
foil and Fe/Fe3O4 foil have exhibited different impedance spectra at −0.3 V, where HER

mainly occurred. It turned out that the Fe/Fe3O4 foil has larger Faradaic resistance, revealing
the larger kinetic barrier for HER on Fe/Fe3O4, or effective suppression effect on this catalyst
compared to the Fe foil catalyst.

2.4 Reaction Product Analysis Method
There are mainly two types of the product to be analyzed, gas product and liquid
product. The gas product was mainly analyzed by GC (SRI 8610C Gas Chromatograph) via a
flame ionization detector (FID) and a thermal conductivity detector (TCD). A GC typically
uses different columns (0.5 m Haysep-D precolumn, 2 m MoleSieve 5A column, 2 m Haysep
D column and so on) to separate the different compositions of a gas stream and recognize them
at different retention time depending on their various chemical and physical properties, such
as methanization ability, thermo-conductivity-to-mass ratio, polarity and so on.58 The FID
detector only works for carbon-containing materials due to the ability of the carbons to perform
methanation which burns at the end of FID and generates a current originating from the carboncontaining materials. The TCD relies on the comparison of thermal conductivity of gases
reaching the detector to the carrier gas, a.k.a Ar gas in our study.59 The standard calibration of
commercial gases containing H2, CO2, CO, CH4, C2H4,C2H6 is shown in Figure 2.6. In this
case, H2 peak will not appear in the FID panel because it does not contain any carbon for the
methanization. The peaks of N2 and O2 are inevitable and they can be used to test the airtightness of the entire gas-flow system.
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Figure 2.6 Standard calibration of commercial gas (H2, CH4, CO, CO2,C2H4, and C2H6) using
a SRI 8610C gas chromatograph with Ar gas as the carrier gas and FID and TCD detectors.
The liquid products could be analyzed and quantified by NMR. From the NMR
spectroscopy, all the materials in the tested solution can be determined based on their specific
chemical shift positions and quantified when comparing the integrals with internal standard.
In our study, 100 ppm of dimethyl sulfoxide (DMSO) into D2O was set as the internal standard.
Also, one should notice that the concentration and pH may as well affect the detection ability
of NMR. For example, the NH3 can be quantified through NMR in Figure 2.7a and 2.7b.
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Figure 2.7 Quantification of NH3 using (a) NMR and (b) indophenol blue method along with
the corresponding calibration curves from (c) NMR and (d) indophenol blue method in 0.1 M
LiClO4 solution. The error bars in UV-vis spectra correspond to standard deviations of three
independent measurements.
However, the N2-electroreduced NH3 yield is sometimes lower than the detection limit
of the NMR.60 In this way, the possible liquid products can be quantified by spectrometric
method via UV-vis absorption spectroscopy, where the most common method of NH3 detection
is the indophenol blue method.40, 61 The standard calibration of NH3 in 0.1 M LiClO4 solution
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through indophenol blue method is shown in Figure 2.7c and 2.7d. This spectrometric method
can also be used for the calibration of H2O2, Cl−1, NO2−1 and so on.62-65
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CHAPTER 3. ELECTROCHEMICAL N2RR ON IRON/IRON OXIDE
CATALYSTS
3.1 Introduction to Electrocatalytic N2RR
In this Chapter, some of the discussions and contents were from my previous published
work in ref. 22 and ref. 129 as well as in Appendix.
NH3 is one of the top five commodity chemicals in the world according to the largest
production volume and energy consumption. The rest four are methanol, ethylene, propylene,
and benzene/toluene/xylene.18 It is widely used in the fields of agriculture, architecture,
chemical, pharmaceutical, mineral and so on. In industry, Habor-Bosch process (N2 + 3H2 →

2NH3) plays a dominant role in NH3 production, but this industrial synthesis is processed under
severe conditions: high temperature (400−500 ℃ ) and high pressure (150−250 bar), and

requires significant infrastructures to produce NH366,67 However, this process consumes huge
amount of natural gas and is also highly energy-intensive (in Habor-Bosch process, natural gas
is required to produce H2 via dry steam and supply high-temperature, high-pressure reaction
atmosphere). Specifically, Habor-Bosch process produce around 146 million tons of ammonia
globally in 2015.68 According to statistics, around 3−5% of the world’s natural gas supply and
1−2% of the global annual energy supply have been consumed to produce ammonia.69,70
Considering the mismatch between societal sustainable development and present energy
structure, developing a sustainable technique for ammonia synthesis is highly desirable as an
possible alternative to the Habor-Bosch process.
To date, promoting NH3 synthesis at milder conditions has made great progress,
including thermal-catalysis, electrocatalysis, photocatalysis, bio-catalysis, plasma-catalysis
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and so on.71-78 Among them, the electrocatalytic NH3 synthesis (N2 reduction reaction, N2RR)
from earth-abundant N2 and H2O in equation 3.1 is an advantageous method, because this
method enables sustainable production of NH3, when this reaction is powered by electricity
derived from solar or wind sources.79-82 Although promising, the development of the
electrochemical N2RR and understanding the N2RR mechanism have been hindered by the lack
of efficient catalysts and the selectivity challenge due to the competing hydrogen evolution
reaction in equation 3.283,84
N2 + 8H+ + 6e− → 2NH4+, E0 = 0.092 V vs RHE
2H+ + 2e− → H2, E0 = 0 V vs RHE

( 3.1 )
( 3.2 )

So far, a variety of catalytic materials have been suggested for N2RR based on the

scaling relationships built by Nørskov, including precious metals such as Pt,85 Ru,37, 86,87 Au,8890

and Pd;41,91 Among them, Pt was first ruled out because of its high activity of competing

HER. Pd is considered as an efficient catalyst because Pd is the only metal forming hydride
component, beneficial for N2 hydrogenation.41 Ru is also the promising catalyst because of its
advantageous position in the scaling relationship, or it is not limited by either the first N2
hydrogenation step or NH3 formation and desorption. We will reveal the structure-activity
relationship for N2RR on Ru nanocrystal catalysts in Chapter 4. Considering the high cost and
scale-up application, nonprecious metals such as Fe,22 Ni,92 Mo93 and Bi94 were also studied.
Moreover, metal nitrides and oxides,95-99 and single-atom catalysts100-102 were also tested. In
addition, doped-carbon materials;103-105 were also observed to reduce N2 to NH3; however, Ncontaining materials were introduced in the samples preparation and there may be interference
for possible NH3 quantification. Due to the difficulty of N2 molecules activation, Li-mediated
method is proven to be active for NH3 synthesis via chemical method and electrical method.10620

108

However, because of the low yield rate and strong escaping ability of NH3 in typical N2RR

experiments, the indophenol blue method109 or Nessler’s method for NH3 quantification can
be interfered by unnoticed N-containing chemicals from the catalysts,110,111 the electrolyte,112
and glasswares, making it difficult to firmly determine the N source and NH3 concentration.113
Therefore, establishing a rigorous protocol for quantifying NH3 production and obtaining
accurate and reliable data for the N2RR experiments are indespensible.114-116 Fundamentally,
control experiments should be performed to exclude possible contaminations with Ar feeding
gas, or at open-circuit potential, and 15N labeling experiment after purification should also be
carried out to further verify the N source of the detected NH3. Considering the high cost and
~98% purity of 15N2 gases, a circuit of flowing 15N2 and Cu-based purification was put forward
to establish the calibration curve on 15N isotope labeling NMR spectra.114
According to Nørskov’s calculation, the limiting step for N2 reduction is the first step:
N2 hydrogenation into N2H on catalyst surface and the competition between N2RR and HER
are following:117
H+ + e– + * ↔ *H

( 3.3 )

H+ + e– + *N2 → *N2H

( 3.5 )

N2 + * ↔ *N2

( 3.4 )

H+ + e– + *H → H2 + *

( 3.6 )

Where * represent active sites on the catalyst surface.
Based on the above mechanism involving proton-coupled electron transfer process,

electrochemical reduction of N2 is thermodynamically possible, but in order to accelerate the
electron and proton transfer, a large overpotential may be needed and unfortunately, very low

21

selectivity towards NH3 production is observed. Hence, a reasonably smaller overpotential is
applied compared to the similar field CO2 reduction reaction and the selectivity challenge will
be tuned by electrolyte and electrolytic cell engineering.
According to this mentioned model, the selectivity challenge can be descripted in terms
of the binding energies competition of N and H. So, the physical picture could be when an
active site is available and a small overpotential is applied, it can be occupied by either *N2 or
*H. At one specific potential, if the electrolyte can provide enough protons and electrons, *H
will dominantly occupy the active sites on the catalyst, and hydrogen evolution takes the first
place. If, on the other hand, there are some kinetic barrier to accessibility and availability of
protons and electrons nearby, the N2 molecules can adsorb and occupy the catalytic active sites.
Then once the protons and electrons are provided, they may diffuse and combine with some
adsorbed *N2, leading to NxHy formation stepwisely.
On the metal catalysts surface, it is not easy to control the access of electrons and
protons in aqueous solutions. So, it is a promising solution to envelope the catalysts with an
aprotic, hydrophobic protection layer that kinetically mellows out protons and electrons
transportation onto catalysts surface.118 For example, the introduction of Fe oxide component
could act as the protection layer to limit the available electrons and protons in neutral buffer
solution.
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3.2 Electrocatalytic N2RR on Fe/Fe Oxide Interface
3.2.1 Materials Preparation and Characterization
3.2.1.1 Materials
Sulfuric acid (H2SO4, 98%, TraceMetal grade), sodium hydroxide (NaOH, 98.5%, for
analysis), sodium phosphate monobasic monohydrate (NaH2PO4·H2O, 99+%), sodium
phosphate dibasic heptahydrate (Na2HPO4·7H2O, 99+%), ammonium chloride (NH4Cl,
99.5+%), trisodium citrate (C6H5Na3O7, anhydrous, 99%), salicylic acid (C7H5NaO3, 99+%),
sodium hypochlorite (NaClO, 11-15% available chlorine), sodium nitroferricyanide dihydrate
(C5FeN6Na2O·2H2O, 99+%), , hydrogen peroxide (H2O2, 30%, ACS certified), acetone
(C3H6O, 99.8%, ACS certified), hydrochloric acid (HCl, 34-37%, TraceMetal grade), platinum
gauze (99.9%, metal basis), iron foil (99.99%, metal basis), iron wire (99+%, metal basis), iron
sulfate heptahydrate (FeSO4·7H2O, 99.5%, for analysis), iron chloride hexahydrate
(FeCl3·6H2O, 99+%, for analysis) were purchased from Fisher Scientific. Potassium chloride
(KCl, ACS reagent, 99.0-100.5%) was purchased from Sigma-Aldrich. Carbon paper
(Spectracarb 2050A-1550), carbon black (Vulcan XC-72), and Nafion 115 membranes were
purchased from Fuel Cell Store. Ag/AgCl reference electrode was purchased from World
Precision Instruments. Fe nanoparticles (99.5+%, 35−45 nm, metal basis), Fe3O4 nanoparticles
(98+%, 20−30 nm), and Fe2O3 nanoparticles (99.5+%, 30 nm) were purchased from US
Research Nanomaterials, Inc. Ar (99.999%) N2 (99.999%), and O2 (99.999%) were purchased
from Airgas. Deionized water (D.I. water) with the specific resistance of 18.2 MΩ·cm was
used throughout the experiment without further purification.
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3.2.1.2 Catalysts preparation
Fe foil: the commercial Fe foil with the geometric area of 1 cm2 was cleaned by
sonicating in acetone and etched in diluted hydrochloric acid solutions for 20 min, respectively.
The etched Fe foil was then thoroughly rinsed by D.I. water and dried in Ar steam.
Fe/Fe3O4 catalyst: the Fe foil was heated at a specific temperature and kept for 20 min
in flowing O2 in tube furnace. The oxidized Fe foil was naturally cooled down and then
electrochemically reduced at −0.5 V in Ar-saturated 0.1 M PBS electrolyte until the current
density became stable.

Fe, Fe3O4, Fe2O3 nanoparticles catalyst: Typically, 70 mg carbon black powder and
30 mg Fe-based nanoparticles were dispersed in 10 ml ethanol and then sonicated until the
homogeneous solution was formed. After filtration and dried in vacuum, 5 mg of the catalyst
was dispersed in 950 𝜇𝜇L ethanol and 50 𝜇𝜇L Nafion solution. The working electrodes were

prepared by drop-casting the catalyst suspension onto carbon paper (1 × 1 cm2) until the total

mass loading of 1 mg, of which 0.3 mg is Fe-based nanoparticles.

3.2.1.3 Catalysts characterization
The foil materials were characterized by scanning electron microscopy (SEM, ZEISS
Ultra-55 FEG), grazing-incidence X-ray diffraction (XRD, PANalytical Empyrean
diffractometer with a 1.8 kW copper X-ray tube), and X-ray photoelectron spectroscopy (XPS,
SPECS electron spectrometer with a PHOIBOS 100 hemispherical energy analyzer and XR 50
Al K𝛼𝛼 X-ray source, 1486.67 eV), where the XPS binding energies were calibrated using both
the Fermi edge and the known peak positions of metallic Ag(111) and Au(111). In particular,
in an effort to mitigate presumed surface oxidation during samples transfer in air, mild Ar ion
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sputtering (500 V, Ar pressure 5 x 10-7 Torr, 2 min) was used to remove the naturally formed
surface oxide layers. The nanomaterials were also characterized by transmission electron
microscopy (TEM, FEI Tecnai F30) operated at 200 KV.

3.2.2 Electrochemical N2RR Tests
3.2.2.1 H-cell assembly
Before electrochemical experiments, Nafion 115 membranes were boiled in 5% H2O2
solution, 0.5 M H2SO4 solutions, and D.I. water under vigorous stirring for 1 h, respectively to
remove any contaminations and improve the charges exchange ability. All the steps were
processed at 80 oC, and the membranes were then rinsed and stored in D.I. water.
Electrocatalytic N2 reduction to produce NH3 was conducted in a gastight H-cell in Figure 2.1a.
Neutral 0.1 M PBS was selected as the electrolyte, and each compartment was filled with 15
mL of the electrolyte by pipette, leaving a headspace of approximately 10 mL. Prior to the
electrolysis, N2 or Ar gas was delivered into the cathodic compartment at the flow rate of 5
standard cubic centimeters per minute (sccm) and the catholyte was stirred at a rate of 400 rpm
for at least 30 min. During an electrolysis, N2 was continuously bubbled to the cathodic
compartment. In addition, by the end of gas steam, 10 mL of 0.05 M H2SO4 solutions was
utilized as the in-line acid trap to capture any possible gas-phase ammonium escape.

3.2.2.2 Ammonia and hydrazine quantification
The amount of NH3 was quantitatively determined by the indophenol blue method.
Prior to any NH3 detection, all used glasswares were precleaned by D.I water and dried at 60
℃ overnight. Typically, 2 mL of the catholyte to be analyzed was pipetted. Then, 2 mL of 1 M
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NaOH solution containing 5 wt% sodium salicylic and 5 wt% sodium citrates was added,
followed by addition of 1 mL of 0.05 M NaClO solution and 0.2 mL of 1 wt% sodium
nitroferricyanide solution. After standing still the mixed solutions for 2 h, UV-vis absorption
spectra of the resulting solutions were measured using a BioTek Synergy H1 Hybrid MultiMode Reader. The formation of indophenol blue was determined by the absorbance at 𝜆𝜆=653

nm. A calibration was established using a series of electrolyte with various concentration of
NH4Cl (0, 0.01, 0.02, 0.03, 0.05, 0.1 mM), as shown in Figure 3.1a and 3.1b. The absorbance
peak of the 0.1 M PBS background electrolyte was also added to calculate the produced NH3
concentration and Faradaic efficiency.
The

quantification

of

hydrazine

(N2H4)

was

also

determined

using

a

spectrophotometric method based on the addition of p-dimethylaminobenzaldehyde (PDAB)
to N2H4 solution in HCl solution. Typically, 5 mL electrolyte solution to be analyzed was
pipetted out and mixed with 5 mL of coloring solution (4 g PDAB dissolved in 20 mL
concentrated hydrochloric acid and 200 mL ethanol). After standing still of mixed solutions
for another 15 min, absorption spectra of the mixed solutions were measured using the same
UV-vis spectrophotometer. The N2H4 solutions of with known concentrations in 0.1 M PBS
were used as calibration standards, and the absorbance at λ = 458 nm were used to plot the
calibration curves Figure 3.1c.
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Figure 3.1 Spectrophotometric methods for the quantification of (a) NH3 in 0.1 M PBS, (b)
NH3 in 0.1 M NaOH solution, and (c) N2H4 in 0.1 M PBS, showing UV-vis adsorption spectra
(left) and corresponding calibration curves (right).
3.2.2.3 ECSA measurement
ECSA of the Fe-based samples relative to the Fe foil were determined by measuring
double-layer capacitances. Capacitance values were obtained from CV scans in the potential
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window of −0.22 to −0.32 V, where non-Faradaic process occurs, at various scan rates. The
current density magnitude (the difference between max current density and average current
density) at −0.27 V was plotted as a function of the scan rate, and the obtained slope of the
linear fitting is the capacitance. Roughness factor (RF) of an Fe-based bulk electrode is
calculated by dividing its capacitance by that of the Fe foil (assuming a RF of 1 for the Fe foil).

3.2.2.4 Ammonia yield rate and Faradaic efficiency calculation
The NH3 yield rate and Faradaic efficiency for NH3 production are calculated as
follows:
Geometric R NH3 =

cNH3 ∙V∙MNH3

Normalized 𝑅𝑅𝑁𝑁𝑁𝑁3 =

( 3.7 )

A∙t

𝑐𝑐𝑁𝑁𝑁𝑁3 ∙𝑉𝑉∙𝑀𝑀𝑁𝑁𝑁𝑁3

( 3.8 )

𝑐𝑐𝑁𝑁𝑁𝑁3 ∙𝑉𝑉∙3∙𝐹𝐹

( 3.9 )

Faradaic Efficiency =

𝐴𝐴∙𝑅𝑅𝑅𝑅∙𝑡𝑡
𝑄𝑄

where cNH3 is the NH3 concentration determined via indophenol blue method;

V is the volume of electrolyte in the cathode compartment, typically 15 mL;
MNH3 is the molecular weight of ammonia, i.e., 17 g mol−1;
A is the geometric surface area of the electrode;
RF is the roughness factor determined by double-layer capacitance;
t is the time of electrolysis;
F is the Faraday constant, i.e., 96485 C mol−1;
Q is the total amount of change transferred in the electrolysis.
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3.2.3 Results and Discussion
In order to figure out the active chemical state of Fe-based materials towards N2RR, Fe
samples of metallic and oxidic states were firstly tested. Polycrystalline Fe foil of high purity
99.99% was used because this simple foil was suitable for studying as the model catalyst.
Firstly, this Fe foil was firstly etched in diluted HCl solution to remove the naturally formed
oxide component, labeled as metallic Fe foil. Then the metallic Fe foil was heated in flowing
O2 at 300 ℃ for 20 min where the temperature rising gradient is 20 ℃ min−1 to produce Fe

oxide on the surface layer. After it was naturally cooled, the oxidized Fe foil was assembled
into the cathodic compartment filled with 15 mL of Ar-saturated 0.1 M PBS electrolyte. After
applying a typical reduction potential of −0.5 V, the chemical state of this sample was found

to be unstable, where reduction current was observed for gradual decrease until a lower, stable
current was reached, as shown in Figure 3.2. The top reduction current density of ~ 7 mA cm−2
is the corresponding limitation of protons exchange rate by Nafion 115 membrane. The current
densities were also indicating the chemical state change as well as surface morphology change
from the inserted partial SEM images.
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Figure 3.2 Chronoamperometric curve for the electrochemical reduction of oxidized Fe foil
until the stable current density at −0.5 V in Ar-saturated 0.1 M PBS.

The SEM images in Figure 3.3a depict the surface morphology change of the metallic

Fe foil, the oxidized Fe foil, and the resulting reduced sample. From the SEM images, the
metallic Fe foil has flat surface after removing the natural oxide component. After oxidation,
there grows some rough nanostructures on the surface layer, as a hint of the largely improved
surface area. While after further electroreduction at −0.5 V, the surface morphology becomes

relatively flat and slightly porous, consisting of nanocrystallites of around 50−100 nm in size.
During the SEM characterization, due to the electromagnetic properties of Fe-based materials,
the electrons travelling route towards the samples will affected, corresponding to the darkening
parts.
XPS was an effective tool to reveal chemical state and electronic structures of the
surface layer of the samples. Deconvolution of the Fe 2p peaks has been performed to
demonstrate the chemical state (i.e., metallic vs oxidic) in the samples. It is noteworthy that

30

we have deliberately chosen to fit all oxidic components with a single doublet to avoid
reporting potentially misleading Fe2+:Fe3+ peak fitting comparisons, as shown in Figure 3.3c.
The standard fitting results are based on such rules: the 2p3/2 and 2p1/2 doublets are constrained
to have 2:1 peak area ratio and a peak separation of 13.1 eV. The XPS fitting indicates that the
etched Fe foil is mainly composed of an Fe0 state with a small amount of Fe oxide, probably
due to the oxidation by air during sample transfer, hence it is reasonable to label it as metallic
Fe foil. In contrast, after oxidizing in O2-saturated atmosphere, only oxidic features were
identified, confirming the complete oxidation of the surface layer. The electrochemically
reduced sample contains both metallic and oxidic Fe components, which indicates a partial
reduction of surface oxide layer into metallic Fe, consistent with the prereduction
chronoamperometric curve in Figure 3.2. Thermodynamically, Fe oxide will be completely
reduced when the applied potential is much more negative than the equilibrium potential of
oxidic Fe being reduced, but kinetically, the Fe oxide parts will be trapped in the foil sample
surface stably, working as the active component for N2RR.
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Figure 3.3 Characterization of all Fe foil-based samples, including metallic Fe foil, oxidized
Fe foil at 300 ℃ in flowing O2, subsequently electrochemically reduced Fe foil at −0.5 V until

stable state. (a) surface morphology characterization the three samples via SEM. (b)

Deconvolution of the Fe 2p peaks of the three samples in XPS. (c) near-surface chemical
structure and phase determination via grazing-incidence XRD for the three samples. Reprinted
with permission from ref 129. Copyright 2018 American Chemical Society.
Grazing-incidence XRD was used to determine the structure and composition of the
near-surface layer (deeper X-ray penetration than XPS) in three samples. In Figure 3.3b, the
metallic Fe foil only shows two characteristic peaks at 44.7 and 65.0°, corresponding to (110)
and (200) crystalline planes of 𝛼𝛼-Fe, which is the typical XRD pattern for (200)-preferred
orientation. In contrast, the oxidized sample shows mainly 𝛼𝛼-Fe2O3 components, along with a

small fraction of Fe and Fe3O4. This observation is in great agreement with a previous study in
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situ detecting the sample laminate chemical state. That is, with the diffusion the O2 into the
deeper layer of Fe foil, the chemical components from top to bottom should be Fe2O3, Fe3O4,
and metallic Fe foil when it is not completely oxidized. Hence, the appearance of small amount
of Fe and Fe3O4 phases is mostly likely from a deeper detection layer of XRD compared to
XPS. The prereduction treatment has greatly changed the sample composition and the resulting
sample mainly consists of 𝛼𝛼-Fe and Fe3O4 crystallites, so this sample is hereafter referred to
Fe/Fe3O4 catalyst.

The all three Fe foil-based samples were then evaluated for electrocatalytic N2RR. The
oxidic sample has exhibited no activity, probably because all charges have been consumed in
Fe oxide component being reduced. Thence, only metallic Fe foil and resulting Fe/Fe3O4
catalyst were compared in terms of N2RR activity and selectivity. The representative
chronoamperometric curves of these two samples at −0.3 V were shown in Figure 3.4a. The
Fe foil exhibited a total current density of ~0.15 mA cm−2 and a low FE of 0.07% for NH3

yield. In comparison, the Fe/Fe3O4 catalyst showed a lower current density (~0.024 mA cm−2)
but a much higher Faradaic Efficiency of 8.29%, which is around 120 times higher than that
of the Fe foil. Hence, originated from the Fe foil, after oxidization and electroreduction, the
Fe/Fe3O4 sample is proven to be a more efficient catalyst for electrochemical NH3 synthesis.
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Figure 3.4 Comparison of the N2RR catalytic activity and selectivity on the original Fe foil
and the resulting Fe/Fe3O4 catalyst in N2-saturated 0.1 M PBS. (a) representative
chronoamperometric curves of the two electrodes measured at the same potential of −0.3 V,

indicating the Faradaic efficiency (FE) for NH3 yield, (b) total current densities of the two

catalysts at selected potential windows from −0.25 V to −0.45 V ,and corresponding (c)

geometric NH3 yield rate (RNH3) and (d) FE at related potentials. Adapted with permission from
ref 129. Copyright 2018 American Chemical Society.

A systematic comparison of the N2RR activity and selectivity of the Fe foil and the
Fe/Fe3O4 catalyst was performed from −0.25 to −0.45 V. As shown Figure 3.4b, the total

current density of the Fe/Fe3O4 catalyst is lower than that of the Fe foil by 5−10 times. Figure
3.4c shows geometric NH3 yield rates of these two samples at selected potentials, and the
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geometric RNH3 value of the Fe/Fe3O4 is much higher than that of the Fe foil at these selected
potentials. Specifically, at −0.3 V the Fe/Fe3O4 catalyst achieved the highest geometric RNH3

of ~0.19 𝜇𝜇g cm−2 h−1, which is around 25 times higher than that of the Fe foil. Surprisingly,

the Faradaic efficiencies for NH3 production on Fe/Fe3O4 catalyst are significantly higher than

those of the Fe foil in this potential range, achieving a 120-fold enhancement at −0.3 V, as

shown in Figure 3.4d. In addition, the Fe/Fe3O4 catalyst reached a maximum efficiency at −0.3

V, and the Fe/Fe3O4 catalyst requires a lower overpotential to achieve its best performance.

From the perspective of surface morphology, the resulting Fe/Fe3O4 catalyst has
different surface roughness. In order to understand the causes of large improvements of
Fe/Fe3O4 catalyst compared to Fe foil, ECSA were taken into consideration by measuring the
double-layer capacitance in Figure 3.5.

35

Figure 3.5 Electrochemical surface area measurement of all samples using double-layer
capacitance. Cyclic voltammogram scans taken over a range of scan rates in the potential
window with mainly double-layer charging and discharging: (a) Fe foil, (b-e) Fe/Fe oxide
samples prepared by oxidation at (b) 200 ℃, (c) 300 ℃, (d) 400 ℃, and (e) 500 ℃ followed by
prereduction at −0.5 V in Ar-saturated 0.1 M PBS. (f) Double-layer charging or discharging

current was plotted as a function of the scan rate, and the slope of the linear fitting results gives
double-layer capacitance, which is divided by that of Fe foil to calculate the roughness factor.
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As summarized in Figure 3.5f, if we assume the unit roughness factor of the Fe foil,
the Fe/Fe3O4 catalyst has a roughness factor (RF) of 2.77. And, Figure 3.6a summarized the
electrochemical-surface-area-normalized NH3 yield rate (intrinsic RNH3) of these two samples
at the same potential window. The normalized RNH3 of the Fe/Fe3O4 catalyst is still higher than
that of the Fe foil, with 9-fold enhancement at −0.3 V specifically. The promoted intrinsic

activity on the Fe/Fe3O4 catalyst may be attributed to the interface between Fe and Fe3O4

nanocrystallites as suggested from the density function theory (DFT) simulations. From the
scaling relations of the binding energies of *NxHy intermediates on metal and metal oxide
surfaces, i.e., in N2RR, the potential-limiting steps are the either first step: N2 adsorption and
first hydrogenation or final step: NH3 formation and desorption. If one catalyst binds *N2H
strongly to activate N2, the final *NH2 intermediate will still be bonded firmly, leading to
poisoning effect. If one catalyst is able to avoid poisoning by loose *NH2 species binding, it
may have difficulty in activating N2. In our study, Fe and Fe3O4 surface sites due to different
binding energies with *NxHy (possibly one binds *N2H strongly and the other binds *NH2
relatively weakly), so that the interface sites between Fe and Fe3O4 nanocrystallites may be
beneficial for both the N2 hydrogenation to form *N2H and the reductive desorption *NH2 to
form NH3. In this case, we proposed that the scaling relations can be mitigated, leading to the
enhancing intrinsic N2RR activity.
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Figure 3.6 Comparison of electrochemical-surface-area-normalized (a) N2RR activities and (b)
HER activities of the Fe foil and Fe/Fe3O4 catalyst. Adapted with permission from ref 129.
Copyright 2018 American Chemical Society.
Besides the enhanced N2RR activity (electrochemical-surface-area-normalized NH3
yield rates), the high selectivity of the Fe/Fe3O4 catalyst is also as a result of an effective
suppression of the HER activity. In order to investigate the HER suppression effect, the
produced H2 during the electrolysis was quantified by in situ GC, and the surface-areanormalized HER activity (normalized jH2) was also demonstrated in Figure 3.6b. The intrinsic
partial current densities of HER value on the Fe/Fe3O4 catalyst are much lower than those of
the metallic Fe foil by more than one order of magnitude. Here we proposed that the addition
of aprotic and hydrophobic Fe3O4 components nanocrystallites onto the Fe surface may cause
larger kinetic barrier for protons and electrons transfer at the electrode/electrolyte interface.
In general, the electrochemical reactions rates should increase exponentially with
increased overpotentials, like CO2 reduction reaction, CO reduction reaction and HER reaction
in Figure 3.6b. However, here the N2RR activity exhibited the unique volcano-shape trend:
first increasing in a low overpotential region but then declining at relatively higher
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overpotentials. Such electrokinetic behavior not only occurs on Fe-based catalysts but also for
most other catalytic materials for N2RR to the best of our knowledge. On one hand, the low
N2RR activity has not reached the mass transport limitation originated from the low solubility
of N2 in aqueous electrolyte (~0.019 g kgH2O−1). One the other hand, the electrons and protons
transferring should be facilitated at higher overpotentials, so the decline of the N2RR activity
can only be explained by fewer *N2 molecules available for further hydrogenation. Here at high
overpotentials, the competing HER will be dominate, where *H adsorption will increase
exponentially at higher overpotentials and lead to a higher surface coverage of *H. In contrast,
*

N2 adsorption is so weak and no charges species are involved that it does not depend on the

potentials, so the *N2 occupying the active sites will undergo the attack of *H, leading to fewer
available surface sites, lower *N2 surface coverage and poorer N2RR activity. Therefore, all
similar potential-dependent trends can be explained by the adsorption and competition of *N2
and *H for available catalytic surface sites. This model is consistent with the insight raised by
Janik et al. in a recent work.
Based on such analysis of the electrokinetic behavior, in order to improve the N2RR
selectivity, suppressing the competing HER from controlling the protons availability and
reducing the *H coverage will be lower at the same overpotential. Indeed, this deduction is
consistent with reported experimental data. For example, the N2RR activity turning point on
Au was at −0.2 V in acidic electrolyte but at −0.35 V in neutral electrolyte, which has lower

protons concentration. From the perspective of HER kinetics, the EIS comparison of the Fe
foil and the Fe/Fe3O4 catalyst in Ar-saturated 0.1 M PBS electrolyte, where only HER occurs,
reveals a larger kinetic barrier on the Fe/Fe3O4 catalyst, as shown in Figure 3.7. Also, the
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capacitance from the EIS fitting should be similar to the double-layer capacitance from CV
scans.

Figure 3.7 Electrochemical impedance spectra comparison of the metallic Fe foil and the
derived Fe/Fe3O4 catalyst measured at −0.3 V in Ar-saturated 0.1 M PBS electrolyte ranging

from 0.1 to 105 Hz. The Fe/Fe3O4 catalyst has larger kinetic barrier, or HER on Fe/Fe3O4 has

been kinetically suppressed.

Besides the catalytic materials, the working microenvironment can directly determine
local protons concentration near the catalyst surface and mitigate the competition between
N2RR and HER. Thus, tuning the microenvironment via electrolyte engineering can control
the transportation and availability of reactant species to improve the N2RR selectivity. Hence,
it is necessary to point out the important role of neutral PBS electrolyte in suppressing HER.
Due to the fact the Fe-based materials could not survive in acidic solutions. A control
experiment was conducted of these two catalysts for N2RR in 0.1 M NaOH electrolyte in Figure
3.8. The electrochemical-surface-area-normalized HER activities of the two samples are
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similar in alkaline NaOH solution, hence the HER suppression effect disappear in alkaline
electrolyte. This is why the Faradaic efficiencies of both catalysts are much smaller then in
PBS electrolyte.

Figure 3.8 Comparison of Fe foil and Fe/Fe3O4 catalysts for electrochemical N2RR in alkaline
0.1 M NaOH electrolyte. (a) chronoamperometric curves for N2RR on the two electrodes, with
Faradaic efficiency indicated. (b) normalized HER activity.
In N2RR experiments, due to the limited NH3 yield rate from Fe-catalyzed N2RR.
Control experiments were performed to verify the N source of the determined NH3. Figure 3.9
presents the UV-vis absorption spectra of the formed indophenol blue for the electrolytes
obtained in all conditions. Firstly, when Ar gas (99.999% pure) was purged all the time, the
NH3 yield rate was negligible. Secondly, when the Fe/Fe3O4 catalyst was replaced by the inert
catalyst, carbon paper, no apparent NH3 was detected within the detection limit of indophenol
blue method. In addition, electrolytes with additional Fe2+ or Fe3+ were examined to exclude
the possible interference of yellow or green Fe ions on the UV-vis absorption spectra in the
500−800 nm region. Furthermore, another control experiment was conducted with alternately
flowing N2 and Ar into the cathodic compartment and taking out an aliquot for possible NH3
quantification after one-hour electrolysis three times consecutively in Figure 3.10. All these
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control experiments confirm the NH3 was produced by the Fe/Fe3O4-catalyzed N2RR to further
verify the NH3 production in Figure 3.10. I need to mention here the

15

N2 isotope labelling

experiment was not conducted because the overall synthesized and accumulated NH3 after
long-term electrocatalysis is still lower than the detection limit of NMR method, probably
because of the low surface area compared to the nanomaterials catalysts in Chapter 4.

Figure 3.9 Control experiments to confirm the produced NH3, showing the UV-vis absorption
spectra of the indophenol blue formed for electrolytes obtained under different reaction
conditions or with different treatments. NH3 yield detected was negligible for the electrolysis
neither N2 nor efficient Fe/Fe3O4 catalyst was present, indicating the NH3 was produced by the
Fe/Fe3O4-catalyzed N2RR. In addition, Fe2+ and Fe3+ added electrolyte was tested, excluding
the possible interference from yellow Fe2+ and green Fe3+ ions on the UV-vis spectra.
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Figure 3.10 Control experiments by alternately delivering N2 and Ar into the cathodic
compartment to verify the NH3 production. N2 and Ar gases were bubbled into the cathodic
compartment alternately, with the electrolyte after each stage being collected and analyzed by
indophenol blue method, repeatedly three times consecutively. NH3 was produced in the
electrolytes taken after N2 flow stage, but negligible after Ar flow stages, further verifying the
NH3 production from Fe/Fe3O4-catalyzed N2 reduction.
In order to tune the ratio between oxidic and metallic Fe, a series of Fe-based samples
were prepared by oxidizing an etched Fe foil in O2 atmosphere at various temperatures (200,
400, and 500 ℃ ) for 20 min as well as the following prereduction step with the same
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parameters, labelled as Fe/FeOx-200, Fe/FeOx-400 and Fe/FeOx-500, respectively. The SEM
images, surface roughness factors and XPS spectra of the all samples derived at 200, 400 and
500 ℃ were displayed in Figure 3.11 and Figure 3.5.

Figure 3.11 Characterization of Fe/Fe oxide samples prepared by oxidizing an etched Fe foil
in O2 atmosphere at various temperatures: (a,b) 200, (c,d) 400, and (e,f) 500 ℃ for 20 min as

well as the following prereduction treatment in the same procedure as Figure 3.3. (a,c,e) SEM
characterization showing the surface conditions. (b,d,f) Deconvolution spectra of Fe 2p peaks
via XPS of the three samples.
These total five foil-based samples were evaluated for the N2RR at −0.3 V in N2-

saturated 0.1 M PBS electrolyte. Figure 3.12a shows the chronoamperometric curves of the
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samples, where all the oxidation-reduction-derived samples have similar total current densities
of 0.024−0.03 mA cm−2, 5−6 times lower than that of the Fe foil (~0.15 mA cm−2), indicating
the similar HER suppression effect of all these Fe/FeOx samples. Figure 3.12b, 3.12c and 3.12d
show that the N2RR catalytic performance depends on the Fe/Fe oxide ratio. The one prepared
at 300 ℃, or Fe/Fe3O4 catalyst has the highest geometric NH3 yield rate compared to those of

the Fe/FeOx-200, Fe/FeOx-400, Fe/FeOx-500 samples, as shown in Figure 3.12b. The similar

trends were also observed for N2RR Faradaic efficiency in Figure 3.12c and intrinsic activity
in Figure 3.12d, where the electrochemical surface areas were also calculated in Figure 3.5b,
3.5d, 3.5e, and 3.5f. Interestingly, Fe/FeOx-200 and Fe/Fe3O4 catalysts have similarly
optimization effect of enhancing N2RR activity, while Fe/Fe3O4 seems more effective in
suppressing HER activity due to more Fe oxide components.
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Figure 3.12 Comparison of N2RR catalytic performance of all Fe foil-based electrodes,
including Fe foil, Fe/FeOx-200, Fe/FeOx-300 (or Fe/Fe3O4), Fe/FeOx-400, and Fe/FeOx-500
catalysts. (a) Chronoamperometric curves ,(b) geometric NH3 yield rates, (c) Faradaic
efficiencies, and (d) Surface-area-normalized NH3 yield rates of the five electrodes measured
at −0.3 V in N2-saturated 0.1 M PBS electrolyte. Reprinted with permission from ref 129.
Copyright 2018 American Chemical Society.

So far, all of the reported studies of Fe-based catalysts were focusing on Fe-based
nanoparticles owing to their high surface-area-to volume ratio. Here we compare the catalytic
selectivity between our designed Fe/Fe3O4 catalyst and commercial Fe, Fe3O4, and Fe2O3
nanoparticles. The activity could not be compared because the utilized Fe mass could not be
precisely determined. Firstly, the representative TEM images of the all three nanoparticles
were shown in Figure 3.13 left column, which shows highly crystalline particles with size
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distribution of around 20−50 nm. High resolution TEM images were shown in the middle
column in Figure 3.13. The atomic lattice in Fe3O4 nanoparticles and 𝛼𝛼-Fe2O3 nanoparticles

were 0.262 and 0.324 nm, corresponding to the Fe3O4 (311) face and 𝛼𝛼-Fe2O3 (211) face,

respectively. The Fe nanoparticles were enveloped by Fe3O4 and Fe2O3 outer oxidation layer,
due to natural oxidation. Working electrodes were prepared by drop-casting a mixture of
nanoparticle/carbon black with a diluted Nafion ethanol solution as binder onto a piece of
carbon paper with a total mass loading of 1 mg cm−2 (of which 30 wt% is Fe or Fe oxide
nanoparticles).
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Figure 3.13 Overview (left) and high-resolution (middle) TEM images and XPS spectra of Fe
2p region (right) for (a) Fe, (b) Fe3O4, and (c) Fe2O3 nanoparticles used for comparative studies.
The insets in the middle panel of (a) show the atomic lattice fringes of metallic Fe as well as
the naturally formed passivating Fe3O4 and Fe2O3 layers on the surface.
Figure 3.14a shows the NH3 yield rates per unit nanoparticles mass loading and related
twisted chronoamperometric curves and at the same potential of − 0.3 V. Though three

electrodes with same catalysts mass loading showed similar current densities (∼0.2 mA cm−2),

they show different mass activity, in the descending order of the highest NH3 yield rate: ∼2.5

Fe, Fe3O4 ,and Fe2O3 nanoparticles. However, it is unrealistic to compare the surface-areanormalized NH3 yield rates between the nanoparticles catalysts and the Fe/Fe3O4 catalyst,
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because the measured capacitance from the nanoparticles catalysts was mainly contributed
from the carbon black support, which has no activity for N2RR. The N2RR Faradaic
efficiencies on the Fe, Fe3O4, and Fe2O3 nanoparticles are calculated to be 1.9%, 0.9%, and
0.7%, respectively, comparable to those in reported studies but much lower than that of the
Fe/Fe3O4 catalyst (∼8.29%). All these comparative studies between Fe/FeOx prepared at
different temperatures and nanoparticle catalysts suggest that the combinational Fe/Fe oxide
composite is the active chemical state towards ambient electrochemical NH3 synthesis.

Figure 3.14 Comparison of the N2RR selectivity between Fe/Fe3O4 catalyst and Fe, Fe3O4,
and Fe2O3 nanoparticles catalysts. (a) NH3 mass activity of the nanoparticles and the inset
corresponding chronoamperometric curves, and (b) N2RR Faradaic efficiencies of the Fe-based
catalysts at −0.3 V. Reprinted with permission from ref 129. Copyright 2018 American
Chemical Society.

The above discussion exhibited the high N2RR catalytic performance, including high
activity and selectivity on Fe/Fe3O4 catalyst, which was prepared by annealing an etched Fe
foil in flowing O2 gas and subsequent electroreduction until stable state was reached. Hence,
we have tried other oxidation and reduction methods in Table 3.1 to compare the N2RR
selectivity on metal/metal oxide catalyst in different preparation methods. It turned out that the
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intense oxidation and moderate reduction method together are beneficial for the forming the
metal/metal oxide component, which is the active chemical state for non-precious-based N2RR
catalysts. In addition, though the selectivity on Fe foil is lower than that on Ni and Co foil, the
prepared Fe/Fe oxide has better catalytic selectivity than Ni/Ni oxide and Co/Co oxide catalysts
prepared in the same procedures.
Table 3.1 N2RR Faradaic efficiency comparison on metal/metal oxide samples prepared by
different oxidation and reduction methods.
Base
Sample

Fe foil

Oxidation

−

Reduction

−

Faradaic
efficiency
(%)

0.07

Anneal in Anneal in
flowing
flowing
O2
O2
Anneal in
Electroflowing
reduction
Ar/H2
8.29

1.03

Ni foil

Co foil

O2
plasma

−

Anneal in
flowing
O2

−

Anneal in
flowing
O2

Electroreduction

−

Electroreduction

−

Electroreduction

3.17

1.17

4.56

1.22

3.14
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CHAPTER 4. ELECTROCHEMICAL N2RR ON SIZE-DEPENDENT RU
CATALYSTS
4.1 Introduction to Electrocatalytic N2RR on Ru
In electrocatalysis, the rational design of catalysts often relies on the understanding of
structure-activity relationships and the identification of catalytic active sites. For metal-based
catalysts, many efforts have been focused on controlling structural factors such as particle size,
nanocrystal shape, composition, and defects of the catalytic materials. These efforts were
successful in developing metal nanocrystals for the electrochemical CO2 reduction, which
showed different activities and Faradaic efficiencies due to size-dependent population of lowcoordinated surface sites such as corner, edge, and terrace sites.119-121 These surface sites have
different binding energies with key reaction intermediates such as *COOH and *H and result
in different activities for CO2 reduction and HER. Therefore, elucidating the effect of particle
size can help identify catalytic active sites and design more efficient catalysts by controlling
surface atomic coordination.
Among all metal-based catalysts, Ru is considered as one of the most active catalysts
for N2RR by theoretical calculations, due to its optimal binding energy with N2RR intermediate
species.83 Zeng et al. reported the extremely highest NH3 yield rate of on Ru single-atom
catalysts so far. That is 120.9 𝜇𝜇g mgcat−1 h−1, which is around twice higher than that of the Ru

nanoparticles catalysts.100 This study emphasizes the importance of size-dependent N2RR

activity on Ru catalysts. Despite the reports of NH3 production over various Ru-based catalysts,
the understandings of active sites for N2RR on Ru are lacking. Here we investigate the effect
of particle size for the NH3 electrosynthesis on Ru nanoparticles. We used atomic layer
deposition (ALD) method to prepare size-controlled Ru nanoparticles with the target sizes of
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2, 4, 6 and 8 nm ,and compared their catalytic performance for NH3 electrosynthesis. It turned
out that the N2RR mass activity, specific activity, and Faradaic efficiency all have a strong
dependence on Ru particle size. Particularly, the N2RR specific activity reached a maximum
for the 3.8-nm Ru particles, but declined rapidly by a factor of 5 as the particle size increased
to 8.4 nm, revealing a critical effect of particle size on the N2RR catalysis. The built structural
model of Ru nanoparticles showing the low-coordinated surface sites is shown in Figure 4.1.
DFT calculations have uncovered the role of D5 step site as the active site toward N2RR and
its maximal population at ~4 nm rationalizes the size dependence of the N2RR specific activity
observed on the ALD-prepared Ru nanoparticles.

Figure 4.1 Structural model for Ru nanoparticles, exhibiting various low-coordinated surface
sites such as corner, edge, and terrace sites for the N2RR and HER.
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4.2 Electrocatalytic N2RR on Size-dependent Ru Nanocrystals
4.2.1 Materials Preparation and Characterization
4.2.1.1 Materials
Lithium perchlorate trihydrate (LiClO4·3H2O, 99+%, extra pure), ammonium chloride
(NH4Cl, certified ACS), ruthenium (III) chloride hydrate (RuCl3·H2O), ethylene glycol
(C2H6O2,

certified),

potassium

hydroxide

(KOH,

99.98%,

trace

metal

basis),

polyvinylpyrrolidone (PVP, average M.W. 58,000, K29−32), sulfuric acid (H2SO4, trace-metal
grade), acetone (C3H6O, certified ACS), sodium hydroxide (NaOH, 98.5%, for analysis),
salicylic acid (C7H5NaO3, sodium salt, 99+%), trisodium citrate (C6H5Na3O7, 99%), sodium
nitroferricyanide dihydrate (C5FeN6Na2O·2H2O, 99+%), hexane (C6H14, certified ACS),
hydrogen peroxide (H2O2), 4-dimethylaminobenzaldehyde (PDAB, 99+%), hydrazine
monohydrate (N2H4·H2O, 99+%), hydrochloric acid (HCl, trace-metal grade), ethanol
(C2H5OH, 95%, ACS reagent), dimethyl sulfoxide (DMSO, certified ACS), deuterium oxide
(D2O, for NMR, 99.8 atom% D) were purchased from Fisher Scientific. Copper sulfate (CuSO4,
anhydrous, 99.99%, trace metal basis), Nafion perfluorinated resin solution (5%), and 15N2 gas
(98 atom%

15

N) were purchased from Sigma Aldrich. Nafion 115 membrane, carbon black

(Vulcan XC-72), AvCarb GDS2230, and AvCarb MGL370 substrates were purchased from
the Fuel Cell Store. D. I water and all gases are the same as Chapter 3.

4.2.1.2 Catalysts preparation
Ru/C: The Ru/C catalyst was synthesized by conventional polyol reduction method
based on our previous study.41 Typically, 50 mg of carbon black was dispersed in 25 mL of
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ethylene glycol by sonication for 30 min. Next, 3.57 mL of RuCl3 solution (Ru concentration
= 3.5 mg mL−1) was then directly injected into the mixture and the pH value of the mixture
was adjusted to be above 10 by dissolving KOH pellets. After stirring until the homogeneous
solution, the solution was heated at 160 ℃ in silicone oil bath and kept at this temperature for

another 2 h. Finally, after natural cooling in fume hood, the catalyst slurry was centrifuged at
11,000 rpm for 10min with copious acetone and water and then dried in freeze dryer overnight.
Finally, the obtained Ru/C powder was annealed at 180 ℃ for 2h in flowing Ar/H2 gas (10%

H2) to remove possible residual organics.

Ru(PVP)/C: Ru(PVP)/C catalyst was synthesized by the same method with exception
of the addition surfactant PVP. Firstly, a stoichiometric amount of RuCl3 and PVP at a fixed
Ru: PVP ratio of 1: 10 were added into 25 mL of ethylene glycol as well as keeping the same
Ru mass loading as Ru/C catalyst. After sonication for 1 h, the pH value of the solution was
adjusted to be above 10 by dissolving KOH pellets. The stock solution was heated up the 180
℃ and kept at this temperature for 2 h in Ar atmosphere. The black product was collected by

centrifuging in acetone. Subsequently, the obtained product dispersed in hexane was mixed
with appropriate amount of carbon black, maintaining the same 20 wt% of Ru by sonicating
for another 2 h. The resulting Ru(PVP)/C catalyst slurry was collected by centrifuging and
drying in vacuum. Finally, the obtained Ru(PVP)/C powder was annealed at 180 ℃ for 2h in

flowing Ar/H2 gas (10% H2) to remove possible residual organics.

5 mg of the prepared Ru/C or Ru(PVP)/C catalyst was dispersed in 950 𝜇𝜇L of ethanol

and 50 𝜇𝜇L of 5 wt% Nafion solution as binder by sonification for 1 h until a homogeneous

suspension was formed. Working electrodes were prepared by drop-casting the catalyst
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suspension onto an AvCarb GDS2230 carbon paper (1 × 1 cm2) until the total loading reached
1.0 mg, of which the Ru loading is 20 wt%.

ALD-Ru: The ALD-Ru samples were prepared by depositing Ru nanoparticles on
AvCarb GDS2230 carbon substrate by ALD in Figure 4.2.122 The carbon substrate was
subjected to 15 min of UV-Ozone treatment (E511, Ossila®). Silicon wafers (Test Grade,
University Wafers Inc.), approximately 1 × 1 cm2 were used for measuring the thickness of Ru
deposition as measured by spectroscopic ellipsometry (M-2000, J.A. Woollam®). Details
about ALD instrumentation are provided elsewhere.123 Briefly, a load-locked, viscous flow
reactor was used to alternately pulse η4-2,3-Dimethylbutadiene ruthenium tricarbonyl
(Ru(DMBD)CO3 - EMD Performance Materials) and water while the reactor was set to a
temperature of 185 °C. The temperature of the Ru(DMBD)CO3 and H2O were maintained at
room temperature. The ALD chamber pressure was maintained between 0.6–1 Torr. Ar was
bubbled through the Ru(DMBD)CO3 at a flow rate of 25 sccm. Pulse times were set at 5 s and
1 s for Ru(DMBD)CO3 and H2O, respectively. These deposition conditions yielded a growth
rate on silicon of ~ 0.1 nm/cycle. The ALD cycle numbers varied from 20 to 80 and a variety
of samples with thickness varying from 2 nm to 8 nm were thus, synthesized. Using alternate
substrates can cause variabilities in the growth rate as well as induce varying degrees of
incubation that can result in nucleation and growth of Ru nanoparticles as opposed to the
growth of a conformal film. This approach was exploited for depositing Ru nanoparticles on
the AvCarb GDS2230 carbon substrate.

55

Figure 4.2 Simplified atomic layer deposition method for preparing Ru nanocrystallites onto
AvCarb GDS2230 carbon paper and Cu TEM grids. On the inlet part, Ar gas carrying
Ru(DMBO)(CO)3 was flowed at 25 sccm, and the deposition chamber was heated at 185 ℃

for Ru deposited at 0.1 nm cycle−1.

The catalysts characterization was using the same equipment and similar procedure as
Chapter 3.

4.2.2 Electrochemical N2RR Tests
The assembly of H-cell and ammonia and hydrazine quantification were following the
same steps in Chapter 3.

4.2.2.1 ECSA quantification
The ECSA of Ru in an electrode was quantified by measuring the stripping charges
associated with underpotential deposited (UPD) monolayer Cu on Ru surfaces.124, 125 CV scans
were first carried out on working electrode in 0.1 M H2SO4 electrolyte. This electrode was then
transferred into an electrolyte containing 0.1 M H2SO4 and 0.5 mM CuSO4 and polarized at
0.30 V for 500 s. CV scans were again performed from 0.05 to 0.95V at a scan rate of 10 mV
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s−1. Charges associated with Cu stripping were determined from the CV curves and converted
to ECSA using a conversion factor of 420 µC cm−2.

4.2.2.2 N2RR activity and Faradaic efficiency calculation
N2RR mass activity = (17 × CNH3 × V)/(t × mRu)

( 4.1 )

Faradaic Efficiency = (3 × F × CNH3 × V)/(t × mRu)

( 4.3 )

N2RR specific activity = (17 × CNH3 × V)/(t × ARu)

CNH3: the concentration of NH3 in the post-electrolysis electrolyte;
V: the volume of the electrolyte in cathodic compartment;
t: the electrolysis time;
mRu: Ru mass in an electrode;
ARu: Ru ECSA measured by Cu UPD method in the electrode;
F: Faraday constant: 96485 C mol−1;
Q: the total charge passed through the electrode during the electrolysis.
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( 4.2 )

4.2.3 Results and Discussion
We firstly tried polyol reduction method to prepare Ru nanoparticles with controlled
sizes.126 Figure 4.3a shows a typical TEM image of the derived Ru nanoparticles dispersed on
carbon black, denoted as Ru/C, and particle size statistics indicated an average size of 2.5 ±
0.9 nm in Figure 4.3b. As the particle sizes might not be uniform enough, we further used
polyvinylpyrrolidone (PVP) as a surfactant in the synthesis process to control particle size. As
a result, the obtained Ru(PVP)/C nanoparticles showed more uniform size distribution of 2.0
± 0.3 nm, as shown in Figure 4.3c and 4.3d, confirming the effect of PVP surfactant in
controlling nanoparticle growth. However, PVP itself contains nitrogen and binds strongly to
metal surfaces, so PVP molecules may not be able to be completely removed from Ru surface
even after cleaning treatments. As shown in Figure 4.4, all XPS survey spectrum for the Ru/C
and Ru(PVP)/C samples revealed the presence of Ru, C, O, where the C and O were attributed
to the carbon substrate. It should be noted that the Ru 3d peak (284 eV 3d3/2 for and 280 eV
for 3d5/2) overlaps with the C 1s peak (284 eV). Differently, an XPS survey spectrum of the
Ru(PVP)/C sample showed an N 1s peak, which was attributed to residual PVP and may cause
false positive in the quantification of NH3. Interestingly, after the electrolysis where the
chronoamperometric curves in Figure 4.3e, the Ru(PVP)/C catalyst exhibited a much lower
and almost negligible yield of NH3 as compared to that of the Ru/C catalyst under the same
reaction conditions, as shown of the indophenol formation in Figure 4.3f. Hence, we postulate
that the residual PVP may block the surface sites of Ru from N2 adsorption and reaction.127,128
Thus, the Ru(PVP)/C sample was not adopted in the following discussion.
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Figure 4.3 Comparison between the Ru/C and Ru(PVP)/C samples. (a) A typical TEM image
of the Ru/C sample and (b) corresponding Ru nanoparticles size. (c) A typical TEM image of
the Ru(PVP)/C sample and (d) corresponding Ru nanoparticles size distribution. The smaller
average Ru nanoparticle size and narrower size distribution confirmed the effect of PVP in
controlling the particles growth. (e) Chronoamperometric curves of the two samples at −0.10

V in N2-saturated 0.1 M LiClO4 electrolyte, and (f) corresponding UV-vis absorption spectra
for the NH3 quantification after electrocatalysis.
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Figure 4.4 XPS survey spectra of all Ru-based samples: Ru/C, Ru(PVP)/C, ALD-Ru-2, ALDRu-4, ALD-Ru-6, and ALD-Ru-8.
ALD was then used to prepare Ru nanoparticles with controlled size without surfactant.
This method can precisely control the growth of Ru nanoparticles by tailoring the deposition
layer and cycle numbers. Typically, Ru nanoparticles tend to grow larger with more gaseous
precursor molecules interacting with chemisorbed species on the deposition substrate.
Particularly, we deposited Ru nanoparticles on an AvCarb GDS2230 carbon paper with a
hydrophobic coating layer. Figure 4.5 shows SEM images of the AvCarb GDS2230 carbon
paper substrate before and after Ru deposition, where the deposited Ru nanoparticles were
already visible on the substrate.
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Figure 4.5 Representative SEM images of (a) the original AvCarb GDS2230 substrate and (b)
atomic layer deposited Ru nanoparticles onto AvCarb GDS2230 substrate.
TEM characterization was performed to further visualize the Ru particles in the ALD
samples. Figure 4.6a, 4.6b, 4.6c, and 4.6d exhibited typical TEM images of the Ru
nanoparticles that were uniformly deposited on the substrate by ALD with a targeted size of 2,
4, 6, and 8 nm, respectively, which are thereafter referred as ALD-Ru-2, ALD-Ru-4, ALD-Ru6, and ALD-Ru-8 samples. The actual size distributions of the ALD Ru nanoparticles were
summarized in Table 4.1. A representative high-resolution TEM image of the Ru nanoparticles
was shown in Figure 4.6f, where the spacing of lattice fringes was measured to be 0.210 nm,
corresponding to the (101� 1) crystal planes of Ru.
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Figure 4.6 TEM characterization and size distribution of ALD Ru samples with a targeted size
of (a) 2, (b) 4, (c) 6, (d) 8 nm, referred as ALD-Ru-2, ALD-Ru-4, ALD-Ru-6, ALD-Ru-8; (e)
high-resolution TEM image of a Ru nanoparticle.
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Table 4.1 Summary of the Ru nanoparticles prepared by polyol reduction and ALD method
Sample

Ru/C

ALD-Ru-2

ALD-Ru-3

ALD-Ru-4

ALD-Ru-6

ALD-Ru-8

Particle Size
(nm)

2.5 ± 0.9

2.1 ± 0.4

3.3 ± 0.6

3.8 ± 0.6

5.9 ± 0.8

8.4 ± 1.1

ECSA of Ru
(cm2)

4.3 ± 0.5

1.9 ± 0.2

2.2 ± 0.2

3.0 ± 0.2

6.0 ± 0.7

12.8 ± 1.6

Ru Loading
(mg)

0.20

0.06 ± 0.01

0.09 ± 0.03

0.16 ± 0.04

0.55 ± 0.03

1.86 ± 0.16

XRD and XPS were used to verify the structure and composition of the Ru samples.
As shown in Figure 4.7a, the XRD patterns of all ALD samples showed a characteristic peak
from the graphitic carbon as well as the (0002), (101� 1), and (101� 3) planes of hexagonal close-

packed (hcp) Ru. The diffraction peaks of Ru have a relatively low intensity as compared to
that of carbon due to the small loading of Ru on the carbon substrate. Similarly, the powder
XRD pattern of the Ru/C sample also exhibited diffraction peaks for the carbon black and Ru.
XPS was used to further examine the composition of the samples. For the ALD samples, F was
observed with photoelectron lines at 30 and 685 eV as well as Auger lines at 877, 858, and 832
eV, attributed to PTFE component in the coating layer of the AvCarb GDS2230 substrate. The
relative intensity of Ru 3p doublet peaks increased with larger nanocrystal size, leading to
higher coverage of Ru on the substrate and lower exposure of carbon paper substrate (lower
peak intensity of F). Also, no N 1s peaks were identified within the detection limit of XPS,
indicating that no detectable N was introduced in the catalyst preparation processes.
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Figure 4.7 Characterization of the Ru/C and ALD-Ru samples. (a) Powder XRD pattern of the
Ru/C sample and grazing-incidence XRD patterns of the ALD-Ru samples. (b) CV scans of
all Ru samples in Cu-containing electrolyte to quantify the ECSA by integrating the shadow
region.
Accordingly, the ECSA of Ru in each sample was measured by integrating the stripping
charges associated with UPD Cu on Ru surfaces. CV scans were performed first in 0.1 M
H2SO4 electrolyte, and then in an electrolyte of 0.1 M H2SO4 and 0.5 mM CuSO4, as exhibited
in Figure 4.7b, where the Cu UPD stripping peaks was identified in the shadow region, centered
at around 0.4 V, which was converted into ECSA using a conversion factor of 420 µC cm−2.
The ECSA of Ru-based electrodes were summarized in Table 4.1.
The Ru samples were then evaluated for the N2RR electrolysis in an H-cell with 0.1 M
LiClO4 electrolyte. We first examined the potential-dependence of the N2RR activity on the
Ru/C sample as well as representative ALD-Ru-4 sample. This can elucidate the electrokinetics
of the N2RR on Ru and identify the appropriate potential for the comparison of N2RR activity
between different samples. As the applied potential shifted from 0.05 to −0.20 V, the total
current density on the Ru/C electrode increased from 0.13 to 0.80 mA cm−2, as shown by the
corresponding chronoamperometric curves in Figure 4.8c. Accordingly, the N2RR mass
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activity (NH3 yield rate normalized to the mass of Ru) was determined to 4.8 μg mg−1Ru h−1 at
0.05 V, which increased to a maximum value of 9.8 μg mg−1Ru h−1 at −0.10 V, but declined to
6.1 μg mg−1Ru h−1 at −0.20 V, as presented in Figure 4.8a. The N2RR Faradaic efficiency
showed a similar trend, which increased from 3.0% to 3.6% when the applied potential

decreased from 0.05 to −0.05 V, but declined rapidly to 1.1% at −0.20 V due to the rapid
rising of the total current density at more negative potentials. Similar potential-dependence
was observed for the ALD-Ru-4 sample: the total current density increased from 0.04 to 0.67
mA cm−2 as the potential shifted from 0.05 to −0.20 V (chronoamperometric curves in Figure

4.6d), while a maximum mass activity of 7.8 μg mg−1Ru h−1 was reached at −0.10 V and a
highest Faradaic efficiency of 2.5% was observed at −0.05 V in Figure 4.8b.
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Figure 4.8 N2RR catalytic performance on different Ru samples. (a-b) Mass activity and
Faradaic Efficiency for the N2RR on the (a) Ru/C and (b) ALD-Ru-4 samples in 0.1 M LiClO4
electrolyte at various potentials. Representative chronoamperometric curves of the N2RR
electrolysis on the (c) Ru/C and (d) ALD-Ru-4 catalysts in N2-saturated 0.1 M LiClO4
electrolyte at various potentials. (e) Representative UV-vis absorption spectra of the
electrolytes after electrolysis at −0.10 V for 1 h under different conditions. No apparent NH3

was detected for the control experiments without Ru catalyst or with Ar feeding gas. (f) 1H
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NMR spectra required for the post-electrolysis electrolytes with 15N2, 14N2, and Ar feeding gas,
respectively.
Similar to Chapter 3, we have carefully verified the N source of the produced NH3
using both control experiments and

15

N isotopic labeling experiments. First, control

experiments without Ru catalyst or with Ar feeding gas were carried out under otherwise the
same conditions (−0.10 V in 0.1 M LiClO4 electrolyte). As shown in Figure 4.8e, no apparent
NH3 was detected within the detection limit of the indophenol blue method when the carbon
substrate without Ru loading was tested or when Ar gas was bubbled into the electrolyte,
indicating that NH3 could only be produced with the presence of Ru catalyst and N2 gas feeding.
Furthermore,

15

N isotopic labeling experiment was performed as an additional method to

confirm the N source of the detected NH3. When 15N2 gas was purified and fed into the N2RR
electrolysis (−0.10 V, 0.1 M LiClO4 electrolyte), only

15

NH4+ with a doublet feature was

observed in the 1H NMR spectrum of the electrolyte in Figure 4.8f. Consistently, only 14NH4+
with a triplet feature was observed in the NMR spectrum when 14N2 gas was supplied, and no
NH4+ was found when Ar gas was fed into the electrolysis. Therefore, both experiments have
confirmed that the NH3 was produced by Ru-catalyzed electroreduction of N2.
Subsequently, N2RR catalytic performance was evaluated for all Ru samples at −0.10

V in 0.1 M LiClO4 electrolyte. The mass activity, specific activity, and Faradaic efficiency for
the N2RR on the size-controlled Ru samples were derived and compared to reveal the
correlation between Ru particle size and N2RR catalytic performance. As shown in Figure 4.9a,
the N2RR mass activity decreased monotonically from 12.1 to 0.65 μg mg−1Ru h−1 as the particle
size increased from 2.1 to 8.4 nm. This should be mainly due to the surface-area-to-volume
ratio: the smaller the particle, the larger surface area per unit mass for catalyzing the N2RR. To
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have a deep understanding of the atomic surface sites, the NH3 yield rate was normalized to
the ECSA of Ru to reflect the activity per unit surface area of Ru. As a result, the derived
specific activity showed a different dependence on the Ru particle size: the N2RR specific
activity first increased from 0.44 to 0.57 μg cm−2Ru h−1 as the particle size increased from 2.1
to 3.8 nm, and then declined sharply to 0.11 μg cm−2Ru h−1 as the particle size further increased
to 8.4 nm, as shown in Figure 4.9b. Therefore, a maximum specific activity was achieved for
the 3.8-nm particles, suggesting an optimal ratio of active surface sites on 3.8-nm particles for
the N2RR. Meanwhile, the 5-fold decrease of the specific activity from 3.8 to 8.4 nm indicated
that the change of surface sites with particle size had a strong effect on the N2RR catalysis,
which will be further discussed later. Interesting, the data point of the Ru/C sample in Figure
4.9a and 4.9b showed a good consistency with the trend of the ALD-Ru sample data,
suggesting the reliability of the N2RR data measured over samples prepared with different
methods.
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Figure 4.9 Particle size dependence of the (a) N2RR mass activity, (b) N2RR specific activity,
(c) N2RR Faradaic efficiency, and (d) HER specific activity during the N2RR on Ru
nanoparticles. The horizontal error bars represent the standard deviations of Ru nanoparticle
sizes in each sample, and the vertical error bars correspond to standard deviations of three
independent measurements.
The Faradaic efficiency for the N2RR over the ALD-Ru samples decreased
monotonically from 5.1% to 0.9% as the particle size increased from 2.1 to 8.4 nm, as shown
in Figure 4.7c. Nevertheless, the Ru/C sample showed the N2RR Faradaic efficiency of 2.5%,
which is much lower than that of the ALD-Ru-2 sample (5.1%) with a similar size. As the
Faradaic efficiency for the N2RR is not only determined by the N2RR activity, but also
dependent on the HER activity, we further calculated the specific activity for the HER during
the N2RR electrolysis, as shown in Figure 4.9d. We can find that the HER specific activity was
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roughly similar for the Ru/C, ALD-Ru-4, ALD-Ru-6, and ALD-Ru-8 samples, but lower for
the ALD-Ru-2 and ALD-Ru-3 samples. This is somehow different from our expectation, as
the smaller Ru nanoparticles should have more low-coordinated surface sites for the HER. We
postulate that the lower HER activity on the small particles may be attributed to the
hydrophobic surface of the AvCarb GDS2230 substrate.
To examine this hypothesis, we further tested the N2RR electrolysis on an ALD-Ru-2
sample deposited on an AvCarb MGL370 substrate that is relatively hydrophilic. Figure 4.10a
showed the configurations of the electrodes based on the two substrates, and their difference
in hydrophobicity can be confirmed by the contact angle measurements presented in Figure
4.10b. When they were tested for the N2RR under the same conditions (−0.10 V, 0.1 M LiClO4
electrolyte), the AvCarb GDS2230 electrode showed a total current density of ~0.05 mA cm−2,
which is about one order of magnitude lower than that of the AvCarb MGL370 electrode (>
0.5 mA cm−2), as shown in Figure 4.10c. Interestingly, the N2RR mass activity on the two
electrodes was similar (13.5 vs 12.1 μg mg−1Ru h−1), but the Faradic efficiency was distinct:
0.84% for the AvCarb MGL370 electrode and 5.1% for the AvCarb GDS2230 electrode, due
to the lower total current density and suppressed HER activity on the hydrophobic AvCarb
GDS2230 substrate. This explains the lower HER specific activity on the ALD-Ru-2 sample
with the AvCarb GDS2230 substrate.
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Figure 4.10 Comparison of the ALD samples deposited on the AvCarb MGL370 and
GDS2230 carbon substrates. (a) Schematic illustration of two electrodes prepared with
different substrates, where the AvCarb MGL370 is composed of carbon fiber paper (CFP) only
and AvCarb GDS2230 consists of CFP and a hydrophobic micro-porous layer (MPL)
containing PTFE nanoparticles. Adapted with permission from ref 22. Copyright 2020
American Chemical Society. (b) Photographs of contact angle measurements on the two carbon
substrates. (c) Chronoamperometric curves for the N2RR electrolysis on two ALD-Ru-2
electrodes prepared with the two different substrates at −0.10 V in N2-saturated 0.1 M LiClO4

electrolyte, and (d) corresponding N2RR mass activity and Faradaic efficiency.

All DFT calculations were performed using Vienna ab initio simulation package
(VASP) with projector augmented wave pseudopotentials. Kohn-Sham eigenstates were
expanded in plane waves with a plane wave energy cutoff of 450 eV and the exchangecorrelation was approximated at the generalized gradient approximation (GGA) level using the
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RPBE functional. Methfessel-Paxton smearing scheme was used with a smearing parameter of
0.1 eV for all five surfaces and 0.001 eV for molecules. Electronic energies are extrapolated
to kT = 0 eV. For all surfaces a vacuum of 12.5 Å was used such that there was 25 Å between
two images. The optimized lattice constant for hcp Ru was 2.73 Å with a c/a ratio of 1.58.
Geometries were optimized till the maximum force was less than 0.05 eV/Å. All 5 surfaces
had 4 layers and the bottom two were fixed during geometry optimization. For the (0001)
terrace we used a supercell of (3×3) and a Monkhorst-Pack mesh of 5×5×1 to sample the
brillouin zone. The (1011) and D5 step were modelled with a (2×4) supercell, while for the B5
step a (2×6) supercell was used. For these three surfaces a Monkhorst-Pack mesh of 6×2×1
was used to sample the brillouin zone. It should be noted that the A5 step is on the same surface
as the B5 step, all steps were created in the same manner as Casey-Stevens et al.133 We have
used the free energy corrections from Back et al.134 In order to account for the fact that the
ammonia is not at standard conditions (1 bar) the Nernst equation was used to correct the
equilibrium potential as done in our previous work.41 Within the electrochemical environment
the solvation can play an important role by selectively stabilizing intermediates through
hydrogen bonding. To account for this hydrogen bonding the method from Skulason et al. was
used wherein *NNH and *NH2 are stabilized by 0.08 and 0.33 eV, respectively.135 Corrections
were added to account for the high coverage of hydrogen by looking at how much a complete
monolayer of hydrogen destabilizes *N2H and *NH2.
DFT calculations were performed to understand the nature of active Ru sites for the
N2RR and structure-activity relationships. Figure 4.11 shows a schematic Wulff-like Ru
nanoparticle with color-coded surface sites. There are two types of terrace sites (0001) and
(101� 1) along with three different 5-atom step sites formed between them, commonly denoted
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by A5, B5, and D5, respectively. As the nanoparticle size changes, a varying number of terraces
and steps is available, which can affect the catalytic activity. The (0001) surface is the close
packed terrace for the hcp crystal structure and is most commonly used in computational
studies of N2RR. The (101� 1) terrace has a mix of both the three-fold hollow and four-fold

hollow sites. The B5 and D5 Step have a similar orientation of the 5 atoms while the D5 is on a

kink. The A5 step has a larger distance between the top and bottom terraces compared to the
D5 and B5 steps.

Figure 4.11(a) A schematic Wulff-constructed Ru nanoparticle displaying the terrace and step
active sites. (b) Geometric structures of clean, *N2H, and *NH2 at (0001), (101� 1), A5, B5, and

D5 sites (top view). (c) Theoretical limiting potentials for N2RR as a function of the free
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formation energy of *NH2 for Ru sites. Two lines corresponding to the limiting potentials of
the formation of *N2H and the desorption of *NH2 were derived from the scaling relations with
5 different sites denoted. (d) The density of step sites as a function of nanoparticle size, adapted
from ref 135.
Theoretical studies have shown that generally there are two possible potentialdetermining steps in electrochemical N2 reduction on metal surfaces, i.e., N2 adsorption
forming *N2H and *NH2 desorption into NH3 or ammonium.83,134,135 Our DFT calculations and
previous studies showed that the *N2 adsorption favors an atop configuration with the
molecular axis perpendicular to the surface. Because of a significant activation barrier (>0.6
eV) for *N2 rotation on metal surfaces,136 the proton-electron transfer to *N2 goes through a
monodentate *N2H at the bridge site, which is followed by a more stable bidentate adsorption.
Hydrogenating the nitrogen atom of *N2H species in the distal or alternating pathways and the
splitting of N-N bonds eventually leads to the formation of the *NH2 intermediate, the
desorption of which results in the production of NH3. DFT-calculated free formation energies
of the monodentate *N2H and *NH2 on surface bridge sites are linearly correlated, as shown
in Figure 4.12. The linear adsorption-energy scaling naturally leads to a volcano-shape
relationship of the required potential using the free formation energy of *NH2 as the reactivity
descriptor. In contrast to previous studies, our free energy calculations with the consideration
of a nearby *H and the low concentration of ammonium in the solution suggest that the
adsorption of *N2H is the potential determining steps on Ru sites, with the D5 site near the
optimum. The *H species facilitates the desorption of NH3 while increasing the limiting
potential of the first step. It is also important to consider the activity of the NH4+ in the
solution,41 which lowers the free energy change of the *NH2 removal step. The fully
coordinated (0001) terrace site has a largest generalized coordination number and lowest d74

band center (−1.86 eV), which has a facile NH2 releasing step but limited by the weak
adsorption of *N2H 1.22 eV at 0 V. The D5 site strikes the perfect balance between those two
limiting steps by possessing a unique local coordination environment. Even though recent insitu measurement has detected the accumulation of N=N species, suggesting N-N splitting as
possible rate-limiting steps, our DFT calculations have shown that N-N splitting on various
step sites are surmountable in Figure 4.13, consistent with previous studies. Site population
analysis of three step sites at Wulff-constructed Ru nanoparticles in Figure 4.11d has shown
that there is a maximum population of the D5 steps at ~4 nm in size, which supports the
observed size dependence of N2RR specific activity on Ru nanoparticles. We also investigated
the hydrogen evolution at Ru sites following the traditional Volmer-Heyrovsky Mechanism.
The differential free energy of adsorption for *H was calculated for the D5 and (101� 1) surfaces
and we find it favorable for the formation of a complete monolayer of *H on both surfaces as

shown in Figure 4.14. The addition of the last *H on the D5 step has a differential free formation
energy close to 0 eV, whereas the differential free formation for the last *H on the (101� 1)

surface is −0.15 eV. Based on previous HER studies this would suggest the D5 step is more
active for HER than the (101� 1) surface, suggesting a direct competition of HER with N2RR

steps and rationalizing a similar size dependence of HER on Ru nanoparticles.
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Figure 4.12 Free energy of adsorption for monodentate *NNH plotted against *NH2 adsorption
free energy for the (0001), (101� 1), A5, B5, and D5 sites.
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Figure 4.13 Activation energy diagram for *NH2NH dissociation into *NH2 and *NH on the
D5 and (101� 1) surfaces. The barriers are 0.62 and 0.50 eV on the D5 and (101� 1) surface,
respectively, which are both surmountable at room temperature.

Figure 4.14 Differential free energy of hydrogen adsorption for the D5 and (101� 1) surfaces.
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4.3 Summary and Outlook for Electrocatalytic N2RR
Ammonia is a cornerstone in human societal development because of its high-volume
production and wide application in producing fertilizers, plastics, drugs and other industrial
sources.137,138 Before 1920, NH3 was mainly synthesized from bacteria containing the enzyme
nitrogenase from nature.139 In the early 20th century, the industrial Habor-Bosch process
successfully synthesized NH3 from N2 and natural gas, making it possible to feed the rapidly
growing population all over the world and massive N-containing materials synthesis.140-142 So
far, the Habor-Bosch reaction conditions have been optimized over the past 100 years, but this
process now still requires harsh reaction conditions and extremely large industrial facilities.143
Also, the limitation of NH3 factory location also increases the transportation costs, not to
mention the extremely high energy consumption.
The current NH3 production requests the sustainable NH3 synthesis method, as the
promising alternative of the Habor-Bosch process. Among all the possible solutions, including
electrocatalysis,

photocatalysis,61,144,145

bio-catalysis,146,147

plasma-catalysis,148

electrocatalysis exhibits the special advantages of easily controllable, simple reaction
descriptor, low energy consumption and clear mechanism exploration. More importantly, the
NH3 synthesis can be sustainable if this N2RR reaction is driven by solar- or wind-generated
electricity.
However, direct N2RR in conventional H-cell in Figure 2.1a suffered from the low
catalytic activity and NH3 accumulation, although we have developed Fe/Fe3O4 and 4-nm Ru
nanocrystal catalysts. And the estimated state-of-the-art energy cost is over 5 MJ molNH3−1 ,
around ten-times higher than that Habor-Bosch process. Yang, et al. applied membrane
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electrode assembly configuration to continuously produce NH3 from humified N2 and H2 on
VN catalysts.97 This method provides a possible solution for accumulated NH3 production and
adjust the reaction at device level operation. However, it still utilizes H2 on the anode, lacks
electrolyte tuning, and the applied potential window is narrow. Nikifar, et al did use liquid
electrolyte and gas diffusion electrodes similar to Figure 2.1b to produce high NH3 yield in Limediated method,149 but this method visibly lifts the product separation costs and the huge cell
potential (> 20 V) will largely lower the energy efficiency. Hence, the GDEs in flow cell with
aqueous solutions in Figure 2.1b will be a superior choice to maintain the high catalytic activity,
selectivity, and stability. Overall, the GDEs in flow cell with aqueous solutions have such
favorable features: (1) the GDE can help overcome the mass transport limit, thus possibly
providing more N2 molecules to be consumed; (2) the flow cell can offer fresh electrolyte and
take produced NH3 away from the reaction spots, preventing being assimilated; (3) the aqueous
electrolyte provides another tailoring aspects (like pH, concentration and so on) for the wide
potential application window and reduces the purification costs. However, in our trials, we
have detected negligible products, probably because that the NH3 has been absorbed by carbon
paper, Nafion membranes, plastic channels and other connected parts, which poses a new
request of NH3 collection.
Despite the fact that the electrochemical N2RR has received worldwide research
interest, we are still lacking the reliable fundamental understanding towards this reaction. To
date, most of the studies in this field are trying to find the effective catalysts in N2electroreduced NH3 synthesis, but we are still missing the widely-agreed catalysts, like the
unique role that Cu plays in CO2 or CO electroreduction into C2 products. In addition to
exploring various electrocatalysts, we should also pay much more attention to other reaction
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conditions, like how the electrolyte (pH value, proton sources, solution concentrations, the
types of cations and anions) affects the catalytic performance, how to improve the NH3 yield
rate in GDEs flow cell to reach the commercialization level at ambient conditions, how to
collect this highly volatile chemical, and how to quantify the NH3 yield rate more precisely
other than UV-vis and NMR equipment. These factors are all closely related to the reaction
mechanism exploration and provides reference for further improvement for N2-electroreduced
NH3 production.
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CHAPTER 5. ACCELERATED FORMIC ACID ELECTROOXIDATION
5.1 Introduction to Formic Acid Electrooxidation
Formic acid fuel cell is a promising energy-storage device, converting chemical energy,
using formic acid as the fuel, into electrochemical energy. Compared to the hydrogen and
methanol fuel cells, formic acid fuel cell has special advantages, such as high energy density,
safe transport and storage, relieved fuel crossover effect and so on.150-155
In a formic acid fuel cell, the electrochemical reaction that occurs on the anode is:154
HCOOH → CO2 + 2H+ +2e− E0 = −0.025 V vs RHE

( 5.1 )

Industrial formic acid oxidation reaction (FAOR) relies on Pt as the major component

of catalysts. However, the application of Pt has encountered problems of low stability, which
can be explained by the reaction mechanism in Figure 5.1. The FAOR can occur via two
different pathways, direct and indirect.150-156 In the direct pathway, formic acid molecules are
first adsorbed on catalyst surface, and then these molecules go through a series of oxidation
steps to CO2. In contrast, formic acid molecules on catalyst surface can also be oxidized to CO,
and then further oxidized into CO2, e.g. in indirect pathway. Formic acid electrooxidation on
Pt-based catalysts is believed to proceed in the indirect pathway, so that the intermediate CO
can bind strongly on the Pt catalysts, thus poisoning the active sites of the Pt catalysts.
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Figure 5.1 Scheme of formic acid electrooxidation, direct and indirect. Formic acid can
directly be electrooxidized into CO2 on Pt catalysts through direct pathway, while the formic
acid can also firstly be electrooxidized into CO, and then further into CO2 on Pd catalysts
through indirect pathway.
In order to mitigate the CO poisoning effect and maintain the high FAOR activity, Pd
was observed to be the excellent catalyst in this reaction. Despite a slightly lower activity of
formic acid electrooxidation on Pd catalyst, the Pd catalyst has exhibited higher CO tolerance
because it mainly relies on the indirect reaction pathway in Figure 5.1. So far, there are some
studies trying to improve the Pd-based catalyst performance and reduce the Pd usage, including
alloying with other non-precious metals,157-159 adjusting the Pd catalyst morphology to increase
the surface area and changing the substrate to tailoring the electronic bonding between catalyst
and support.160-164 But these methods could not completely meet the needs of scale-up FAOR
and require precise control for nano-sized catalyst preparation. Here we demonstrated that the
FAOR catalytic performance can be improved via the catalyst microenvironment and related
gas-evolution mechanism.
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5.2 Gas Evolution Theory
Electrochemical gas evolution reaction is of great significance and has been widely
studied in hydrogen evolution reaction, oxygen evolution reaction, chlorine evolution reaction
and so on.165-170 In the case of FAOR on Pd catalyst surface, the construction of three-phase
(electrode/electrolyte/gas product, or specifically Pd catalyst/HCOOH solution/CO2 bubbles)
interface in Figure 5.2 can affect the proton and reactant transfer, so it is essential to understand
this interface and accelerate the FAOR via microenvironment engineering.171-172

Figure 5.2 Scheme of showing the dynamic equilibrium of CO2 production from formic acid
electrooxidation on Pd/C catalysts, constructing electrode/electrolyte/gas bubble three-phase
interfaces (a) with and (b) without hydrophobic PTFE nanoparticles.
When a positive potential was applied onto the Pd/C working electrode, there were CO2
molecules being produced and dissolved into the electrolyte. The dissolved CO2 gas bubbles
near the Pd/C working electrode will become supersaturated, in turn driving the nucleation and
growth of CO2 bubbles pinned onto the catalyst surface as shown in Figure 5.2a. A dynamic
equilibrium can be established where the CO2 bubbles pinned at the electrode will continuously
dissolve into the electrolyte and the dissolved CO2 molecules will in turn facilitate the
formation of gas bubbles.172 However, the pinned CO2 molecules will partially block the active
surface area of the Pd/C catalyst, affect the proton and reactant transfer, and increase the ohmic
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drop in the electrical circuit, thus slowing down the reaction rates. Therefore, how to
effectively remove the pinned the CO2 from the Pd/C catalyst is the key challenge to maintain
the high FAOR activity and stability. Here we introduced hydrophobic PTFE nanoparticles to
the local environment near the Pd/C catalyst, as shown in Figure 5.2b, and in this way we can
tailor the microenvironment for FAOR by tuning the CO2 heterogeneous nucleation and
directing the CO2 release path to improve the FAOR activity and stability performance.

5.3 Formic Acid Electrooxidation on Pd Nanoparticles
5.3.1 Electrochemical FAOR Tests
5.3.1.1 Chemicals
Sulfuric acid (H2SO4, tracemetal grade), formic acid (CH2O2, 99%, for analysis),
palladium chloride (PdCl2, 99.9%, metals basis), sodium borohydride (NaBH4, 98+%, powder),
trisodium citrate (Na3C6H5O7, anhydrous, 99%), tetrahydrofuran (C4H8O, Optima for HPLC),
2-propanol (C3H8O, certified ACS) were purchased from Fisher Scientific. Nafion
perfluorinated resin solution (5%) and was purchased from Sigma Aldrich. Nafion 115
membranes, carbon black (Vulcan XC-72) and carbon paper (AvCarb MGL370, AvCarb
GDS2230) were purchased from Fuel Cell Store. Polytetrafluoroethylene (PTFE nano powder,
APS 30-40 nm) was purchased from Nanoshel-UK Ltd. Deionized (D.I.) water was the same
as Chapter 3 and 4.
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5.3.1.2 Pd/C catalyst preparation
The Pd/C catalyst was synthesized using NaBH4 as the reducing agent and sodium
citrate as the stabilizer based on the literature before. Typically, 0.5 mmol PdCl2 (dissolved in
KCl solution until the Pd loading is 5 mg mL−1) and 4 mmol trisodium citrate were dissolved
into 200 mL water. Then 212.8 mg carbon black (Vulcan XC-72) was mixed by sonicating for
30 min. Afterwards, 50 mL of 0.1 M NaBH4 solution was added dropwise into the mixture
under vigorous stirring. After stirring for another 4 h at room temperature, the solution was
filtered and dried in freeze drier overnight.

5.3.1.3 Physical characterization of Pd/C catalysts
The TEM and XRD characterization are the same as Chapter 4. The XPS were acquired
using a Thermo Scientific ECSALAB Xi+ X-ray Photoelectron Spectrometer with an Al K𝛼𝛼
X-ray source (1486.67 eV).

5.3.1.4 Preparation of working electrode
5 mg of prepared Pd/C catalyst was dispersed in 450 𝜇𝜇L tetrahydrofuran, 500 𝜇𝜇L 2-

propanol and 50 𝜇𝜇 L of 5 wt% of Nafion solution via sonification for 30 min until the
homogeneous suspension was formed.49 The working electrodes were prepared by evaporating

the drops of the catalyst suspension onto the glassy carbon electrode (GCE, ∅ = 5 mm) until

loading is 0.1 mg cm−2, where the Pd loading is 0.02 mg cm−2. The catalyst slurry was also
drop cast onto AvCarb MGL370 (hydrophilic, 1 × 1 cm2) and AvCarb GDS 2230 carbon paper
(hydrophobic, 1 × 1 cm2) until the total loading is 1 mg cm−2, where the Pd loading is 0.2 mg
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cm−2. Pd/C-PTFE samples were prepared using the same procedure, except by adding PTFE
nanoparticles into the mixing solution.

5.3.1.5 Electrochemical test
All electrochemical tests were performed in the same potentiostat at ambient conditions.
Prior to the electrolysis, Nafion 115 membranes were pretreated at the same procedures.
Electrolysis were conducted in a similar three-electrode system, where the same Pt gauze and
Ag/AgCl/sat. KCl electrode was used as the counter and reference electrode. When we used
Pd/C on GCE as the working electrode, 15 mL of the 0.5 M HCOOH in 0.1 M H2SO4 solution
was used as the electrolyte, leaving approximately 10 mL of headspace. Prior to electrolysis,
the reaction compartment was degassed by bubbling with Ar gas for at least 30 min, and during
the electrolysis, Ar gas was continuously delivered into the reaction compartment at a rate of
10 sccm and the electrolyte was stirred at a rate of 600 rpm. CV scanning technique was firstly
applied on the Pd/C-based catalysts in 0.1 M H2SO4 solution to remove all the possible
contaminants on catalyst surface and reach the steady state from 0.0 to 1.2 V at 50 mV s−1.164
Subsequently, the electrolyte was swapped to the 0.5 M HCOOH in 0.1 M H2SO4 solution.
And then the CV scanning was applied onto the catalysts at the same potential window at the
same scanning rate to record the peak current density and any Faradaic process. The steadystate electrolysis was conducted at the same procedure for 3 h, but the electrolyte was filled
into anodic and cathodic compartment separated by the Nafion membrane.
During the electrolysis, the gas flow was delivered to an in-line GC to analyze the gas
product. After the electrolysis, the electrolyte in both compartments were collected for further
quantification.
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5.3.1.6 Formic acid concentration quantification
The formic acid concentration was measured by a home-made KOH titration method
based on the mechanism that pink color of phenolic solution start to appear when all the ionized
hydrogen ion was consumed by dropwise addition of KOH solution. Firstly, 5 mL of the tested
electrolyte after electrolysis (0.1 M H2SO4 solution and formic acid solution of unknownconcentration) was transferred into a clean beaker with a few drops of phenolic solution. Then
the H2SO4 solution was neutralized by 10 mL of 0.1 M KOH solution. Finally, 0.01 M KOH
solution was added drop by drop until the mixture starts to become pink. The concentration of
formic acid solution can be calibrated using the volume of 0.01 M KOH solution in Figure
5.3a. In addition, the direct quantification of formic acid concentration is through NMR
equipment. In the NMR spectra in Figure 5.3b, the peak appearing at 2.71 ppm refers to the
internal standard (100 ppm DMSO in D2O solution), so that the formic acid peaks appearing
at 8.44 ppm can be integrated and correlated with formic acid concentration in Figure 5.3c.

Figure 5.3 Standard calibration of formic acid concentration (0, 0.01, 0.05, 0.1, 0.3, 0.5 M
HCOOH in 0.1 M H2SO4 solution). (a) calibration curves in 0.01 M KOH solution titration
method. (b) the NMR spectra and corresponding (c) calibration curves of integrated HCOOH
peaks.
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During the electrolysis, only CO2 peaks was observed in GC panel, so the CO
production was either negligible or at the noise level. Also, in the blank experiment where
open-circuit voltage was applied, there is no visible formic acid concentration loss from
possible crossover, formic acid volatilization or decomposition. Hence, the Faradaic efficiency
for FAOR can be calculated as follows:
FAOR Faradaic efficiency =

(𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ×𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 −𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ×𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 )×2×𝐹𝐹

Where

𝑄𝑄

( 5.2 )

𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 , 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 , 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ,: the formic acid concentration and volume before and after
the electrolysis;

F: Faraday constant: 96485 C mol−1;
Q: the total charge passed through the electrode during the electrolysis.
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5.3.2 Results and Discussion
First, we explored the formic acid electrooxidation performance on the commercial
Pd/C catalyst, labeled C-Pd/C. The TEM characterization of the commercial Pd/C catalyst and
size distribution are shown in Figure 5.4.

Figure 5.4 TEM characterization of commercial Pd/C catalyst. (a) TEM images of the samples;
(b) size-distribution of Pd nanoparticles in the sample.
In addition, Pd/C nanoparticles were also chemically synthesized with NaBH4 solution
as the reducing agent and trisodium citrate as the stabilizer modified from previous
literature.173 The prepared Pd/C catalyst was characterized by TEM, XRD, and XPS to confirm
its structure and composition. As shown by the TEM image in Figure 5.5a, the prepared Pd
NPs were homogeneously anchored on the carbon black support with the inserted showing the
atomic lattice of 0.220 nm, corresponding to the Pd (111) planes. Figure 5.5b shows the size
distribution of 3.38 ± 0.63 nm, which was derived by counting over 200 nanoparticles from
TEM images. The XRD pattern exhibits the typical crystalline pattern of the Pd/C catalyst, in
great agreement with the HRTEM images. Also, XPS spectrum was utilized to check the
chemical composition of the prepared Pd/C catalysts. In the XPS survey spectrum, only Pd, O,
89

C photoelectron lines and related Auger lines were detected, and the inset shows a highresolution spectrum of the Pd 3d5/2 and 3d3/2 peaks, where the energy gap is 5.26 eV. All these
physical characterizations confirmed the successful synthesis of Pd/C catalysts.

Figure 5.5 Characterizations of the prepared Pd/C catalyst. (a) TEM image and HRTEM image
in the inset showing the Pd atomic lattice; (b) Histogram of the size distribution counted from
TEM images; (c) XRD pattern; (d) XPS survey spectrum of the sample, with a high-resolution
spectrum of Pd 3d5/2 and Pd3d3/2 peaks in the inset.
All electrochemical tests were performed in the same potentiostat at ambient conditions
in electrochemical cells in Figure 5.6. All electrochemical test was conducted in threeelectrode system, where Pd/C catalyst onto GCE or CP was used as working electrode, and the
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counter electrode and reference electrode are the same as N2RR. The prepared 0.5 M HCOOH
in 0.1 M H2SO4 solution was used as the electrolyte and Ar gas was bubbled prior to the
electrocatalysis and continuously delivered into cathode compartment at a rate of 5 sccm. Pd/C
catalyst on GCE was applied in single-compartment cell as shown in Figure 5.6a, Pd/C catalyst
on CFP and pre-treated CFP were applied in two-compartment cell (H-cell) in Figure 5.6b.

Figure 5.6 Electrochemical cell in FAOR electrocatalysis. (a) single-compartment cell for CV
scanning; (b) two-compartment cell for steady-state electrolysis.
Prior to electrocatalytic tests, the Pd/C catalyst was first activated by CV scan in Arsaturated 0.1 M H2SO4 electrolyte from 0.0 V to 1.2 V until the scanning curves converge. The
electrode was then transferred into an Ar-saturated solution containing 0.5 M HCOOH and 0.1
M H2SO4. Typical CV curves and related peaks on C-Pd/C catalyst are shown in Figure 5.7.
In 0.1 M H2SO4 solution, all the related peaks on Pd/C catalyst can also be observed, including
the H desorption, H adsorption, Pd oxidation, and PdO reduction peaks. In addition, in 0.5 M
HCOOH and 0.1 M H2SO4 solution, the region below 0.2 V is corresponding to the unique
PdHx formation. The tiny peak at 0.82 V forward is attributed to CO production, in agreement
with the minor indirect FAOR pathway. The sharp increase between 0.75 and 0.8 V backward
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can be attributed to PdO reduction. The peak current densities forward were used to represent
and compare the catalytic performance.

Figure 5.7 CV scans of the C-Pd/C catalyst in 0.1 M H2SO4 solution (a) without and (b) with
0.5 M HCOOH solution at a scan rate of 50 mV s−1.
In order to understand the effect of the introduced of hydrophobic PTFE nanoparticles,
Pd/C catalyst with different mass loadings of PTFE were deposited onto GCE (Pd/C-PTFEX,
where X represents the mass loading percentage of PTFE. CV curves of all samples were shown
in Figure 5.8a, 5.8b, 5.8c, 5.8d, and 5.8e. The FAOR current density of Pd/C was around twice
that of the commercial Pd/C catalyst. With more and more PTFE nanoparticles added into the
catalyst slurry, the FAOR peak current density was first improved to 49.02 mA mgPd−1 for the
Pd/C-PTFE30 sample, and then gradually decreased. This volcano-shape phenomenon is the
compromise between the increased gas release channel and decreased effective surface area
resulting from increased PTFE percentage. Typically, when the PTFE component is low, the
effect of improved CO2 release dominates, but when the PTFE component is higher than 30%,
this hydrophobic component can block formic acid from accessing the catalyst surface. For
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PTFE NP samples, only typical double layer behavior was observed, and the current density
was a few orders of magnitude lower compared to other samples, confirming the electrical
resistance and insignificant role of PTFE alone in improving catalysis.

Figure 5.8 CV scanning performance of the Pd-based catalysts: (a) C-Pd/C, (b) Pd/C, (c) Pd/CPTFE10, (d) Pd/C-PTFE30, (e) Pd/C-PTFE50, and (f) PTFE NPs.
In order to enlarge the improvement effect of hydrophobic ingredient, the Pd/C catalyst
was dispersed onto hydrophilic AvCarb MGL370 and hydrophobic AvCarb GDS 2230 carbon
papers with same catalyst loading and dispersing procedure. Chronoamperometric curves were
recorded at these two electrodes at 0.3, 0.4, 0.5 V in the 0.5 M HCOOH and 0.1 M H2SO4
solution in the two-compartment electrochemical cell in Figure 5.6b to compare the catalytic
performance, respectively. During the tests in the potential window, the current densities all
decrease with time, which is attributed to some intermediate adsorption on Pd surfaces, such
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as CO, or limited formic acid crossover effect through the Nafion membrane. But compared to
Pd/C on hydrophilic carbon paper, the one deposited onto hydrophobic CFP all exhibited
higher current density and slower dropping trend at the same potential. The sharp changes in
the chronoamperometric curves should be caused by the gas bubble accumulation and release.
Here we propose that the hydrophobic carbon paper “repels” water and facilitates the CO2 gas
bubble formation and release, thus improving the FAOR activity and stability. In addition to
tuning the macroenvironment by a hydrophobic carbon substrate, we also tried to disperse the
catalyst slurry and the PTFE nanoparticles together into hydrophobic carbon paper. As shown
in Figure 5.10, the Pd/C-PTFE50 electrode prepared in this way exhibited excellent catalytic
stability for FAOR, only dropping less than 10% of current densities during the 3-h test. This
stability can be attributed to the maintenance of hydrophobicity, as described by contact angles
in Table 5.1. However, there is some sacrifice in total current density, because 50% of the
PTFE loading percentage is too high so that is reduces the access of formic acid to the catalysts
surface.
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Figure 5.9 Chronoamperometric curves for the electrochemical formic acid oxidation on Pd/C
catalysts in (a) hydrophilic AvCarb MGL370 and (b) hydrophobic AvCarb GDS 2230 carbon
papers at 0.3 (black), 0.4 (red), and 0.5 (blue) V for 3 h.

Figure 5.10 Chronoamperometric curves for the electrochemical formic acid oxidation on
Pd/C catalysts in hydrophilic AvCarb MGL370 (black) and hydrophobic AvCarb GDS 2230
carbon papers (red), and Pd/C-PTFE50 sample in hydrophobic carbon paper (blue) at 0.3 V for
3 h.

95

Table 5.1 Contact angle measurements before and after the 3 h of electrolysis of Pd/C on
hydrophilic carbon paper, Pd/C on hydrophobic carbon paper, and Pd/C-PTFE50 on
hydrophobic carbon paper.
Samples

Pd/C on
hydrophilic CP

Contact
angle
121.58
before
electrolysis
(°)
Contact
angle
97.09
after
electrolysis
(°)

Pd/C on
hydrophobic CP

Pd/C-PTFE50 on
hydrophobic CP

150.46

150.16

124.62

145.68

The life cycle of a bubble at the interface mainly consists of four stages: nucleation,

growth, coalesce, and detachment.174 The microenvironment engineering can influence all
these four steps, while we propose that the most affected steps are nucleation and detachment.
According to classic heterogeneous nucleation theory, the nucleation kinetics is related to the
free energy in the solution, where the total energy is the surface energy of forming a gas/liquid
interface and volume energy for forming a gas bubble. The bubble nucleation rate can be
strongly affected by the contact angle of the critical nucleus on the surface and partial pressure
of gas in the bubble. Also, a certain supersaturation level of dissolved gas is needed to reach a
reasonable nucleation rate. According to equation (1) in ref 174, when we established the more
hydrophobic microenvironment, the geometric factor from contact angle and partial pressure
of CO2 gas in the bubble favors the faster nucleation formation. As for the detachment process,
the gas bubble detachment happened when the buoyant force is overcoming adhesion force.
After introducing the hydrophobic carbon paper and PTFE nanoparticles, we have split the
electrode/electrolyte/gas bubble interface into the discontinuous region, which is
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“superaerophobic ” and lowers the adhesion force, thus improving the CO2 gas bubble release
kinetics.
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5.4 Outlook for Gas-Evolving Electrocatalysis
Most of the electrocatalytic reactions for energy applications include gas evolution
process, such as water reduction reaction to release H2, water oxidation reaction to release O2,
chlorine evolution reaction to release Cl2 as well as carbon-centralized fuel oxidation reaction
to release CO2 or CO.165-171 Here we take formic acid electrooxidation reaction as an example
to provide a new strategy to improve the catalytic performance via microenvironment
engineering. Specifically, by applying hydrophobic catalysts support and nanoparticles, we are
able to tune the gas bubble nucleation and detachment. In order to further magnify the effect
from gas bubble release, we can use GDEs flow cell in Figure 2.1b, because the backside of
the GDE is directly facing the gas channel, largely reduces the resistance for gas bubble to
escape from the reaction active sites. What’s more, the flowing electrolyte is beneficial for gas
bubble physical removement.
Ammonia is an excellent fuel candidate, because of its high energy density in liquid
phase and moderate operating conditions (< 373 K and 1 atm). More importantly, it is the key
step to reduce our societal reliance on carbon-based fuels and carbon footprint.175-180 However,
the development of ammonia fuel cell is pretty challenging because the ammonia oxidation
reaction suffered from high overpotentials and strongly adsorbed intermediates. To date, few
catalysts has been proven effective to oxidize ammonia at acceptable level. Ammonia fuel cell
is a typical gas-evolving reaction to release N2 from direct ammonia oxidation, or H2 from
indirect ammonia decomposition. Based on our study of FAOR, we look forward to mitigating
the catalytic stability issues and improving the catalytic activity of ammonia oxidation reaction
via microenvironment engineering.
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CHAPTER 6. SUMMARY AND CONCLUSIONS
Electrocatalysis plays a central role in advancing renewable energy conversion and
reducing our reliance on fossil fuels. In electrochemical energy conversion, whether the fuel
cell converting chemical energy into electric energy or electrosynthesis process storing electric
energy into valuable chemicals, the development of these technologies requires a rational
design of catalysts and tailoring their microenvironment to promote the catalytic activity,
selectivity and stability.
Electrocatalytic N2 reduction reaction to synthesize NH3 at ambient conditions has
received worldwide attention because it is a possible alternative to the highly energy-intensive
Habor-Bosch process as long as the yield rate can reach a comparable level and this reaction
can be sustainable if it is driven by solar- or wind-generated electricity. But the development
of this electrochemical NH3 synthesis has been hindered by the lack of efficient catalysts and
the competing hydrogen evolution reaction in aqueous solutions. Here in my dissertation, I
have designed two different types of metal catalysts. One is non-precious Fe metal, and we
explored the active oxidation state during the reduction reaction. The other is precious Ru
nanoparticles, and we established a structure-activity relationship between Ru nanocrystal size
and the N2 reduction catalytic performance.
In order to understand the effect of chemical state of Fe-based catalytic materials for
N2RR, we developed an Fe/Fe3O4 foil catalyst for electrochemically reducing N2 into NH3 at
ambient conditions, which was prepared by oxidizing an metallic Fe foil in the flowing O2 at
300 ℃ followed by in situ electroreduction at −0.5 V until a stable state was reached. The
prepared Fe/Fe3O4 catalyst exhibited a high Faradaic efficiency of 8.29% at −0.3 V in neutral
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PBS electrolyte, which is around 120 times higher than that of the original Fe foil. After
calculating the ECSA, the enhanced N2RR selectivity is the combination of a 9-fold
improvement of the (electrochemical-surface-area-normalized) intrinsic N2RR activity and an
effective suppression of the competing HER activity. Comparative studies of Fe/Fe oxide
catalysts prepared by different oxidation and reduction methods reveals that the active
oxidation state during N2RR electrolysis is the combination of metallic and oxidic Fe, because
the Fe component as the aprotic and hydrophobic layer can retard the transfer of protons and
electrons, thus improving the N2RR selectivity. This Fe/Fe3O4 catalyst also exhibits superior
Faradaic efficiency than those of commercial Fe, Fe3O4, Fe2O3 nanoparticles, confirming the
improvement of Fe/Fe3O4-catalyzed NH3 synthesis.
In order to establish the relationship between Ru nanoparticle size and N2RR catalytic
performance, we prepared size-controlled Ru nanoparticles by ALD method with clean surface.
With the particle size increasing from 2.1 to 8.4 nm, the mass activity for N2RR at −0.1 V
monotonically dropped from 12.1 to 0.65 μg mg−1Ru h−1, at the same time the corresponding
Faradaic efficiency dropped from 5.1% to 0.9%. While the specific activity for N2RR reached
a maximum for the 3.8-nm sample, but declined by the factor of 5 as the particle size increases
to 8.4 nm, indicating a critical effect of particle size for the Ru-catalyzed N2RR. DFT
calculations indicate that the D5 step site is the active site toward N2RR because of its favorable
adsorption of the *N2H intermediate and its maximal population at ~4 nm Ru nanoparticles.
Formic acid electrooxidation reaction is a typical gas-evolving reaction in fuel cell. The
CO2 gas bubble pinned on Pd/C catalysts surface will increase the electrical resistance, block
the active surface area and increase the ohmic drop during the electrolysis. The application of
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hydrophobic electrode substrate and the introduction of hydrophobic PTFE nanoparticles in
the electrode preparation can largely improve the catalytic activity and stability via tuning the
CO2 gas bubble nucleation and detachment. In addition to the development of electrocatalysts,
this study provides a new strategy to improve the catalytic performance via microenvironment
or interface engineering.
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